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1 INTRODUCTION
Selective laser melting (SLM) is an Additive Manufacturing (AM) process in which a bed of metallic
powder is melted with a guided laser to form a solid piece of metal. Layers of powder are deposited
and melted on top of each other to produce a 3D part (Figure 1). This promising new technology
enables the fabrication of complex part geometries previously unattainable through conventional
manufacturing processes [1].
Despite the potential of SLM, there are still many
technical challenges that must be overcome. The
recycling characteristics of powder are one of the
challenges that have not been sufficiently addressed.
In SLM, a blade is used to spread a fresh layer of
powder on top of the previous consolidated layer. An
inconsistent powder bed will inevitably result in
manufacturing defects, such as poor surface finish,
warpage, excessive porosity, and undesirable
mechanical properties. In order to have homogeneous
and dense layers, SLM requires highly spherical,
normally distributed powder sizes in the range of 10Figure 1. Schematic of SLM process.
50 microns with sufficient flowability. Unfortunately,
this cannot be guaranteed in practice. Because it is cost
prohibitive to use fresh new powder for every single build, it is standard practice to sieve, recycle,
and reuse the powder left over from the previous build. However, the powder properties can
change unpredictably over the course of many cycles [2]. Another source of variation is in the
powder manufacturing process itself. These methods yield variations in powder size, morphology,
and composition unique to each one. Consequently, it is essential to have well defined specifications
when ordering powder from manufacturers. The current knowledge base is insufficient for
generating such comprehensive specifications. A final source of powder variation is the effects of
oxygen and moisture. It has been demonstrated from preliminary studies that oxygen absorption is
possibly one of the key factors influencing mechanical properties [3].

Despite the importance of powder characteristics, research in this area is in the nascent stage. Some
of the preliminary work has been summarized in literature [4]. Among these efforts is a study on
AM metal powder characterization using an extensive array of techniques applied to both virgin
and recycled powder states [4]. However, this report focuses solely on the powders; the link
between the powder characteristics and the manufactured part properties, which is essential to AM
industry, is not addressed. Moreover, whether these techniques are sufficient and necessary to
characterize powder properties for AM is still unclear. Other studies fail to address the effects of
post-fabrication powder sieving and losses to HEPA filtration, further complicating the
interpretation of the results [2].
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The multidisciplinary undergraduate engineering team at Cal Poly SLO (CP) is working together
with Lawrence Livermore National Lab (LLNL) to address these issues and develop SLM
technologies. The year-long research project has three primary objectives:
1. Discover how metallic powder evolves across build cycles and time,
2. Verify the relationships between metallic powder attributes and final part properties, and
3. Develop new instruments and novel characterization techniques.

2 BACKGROUND
The work being done in this project builds off of a lot of previous work. While additive
manufacturing (AM) is still budding technology, many parameters have already been studied
extensively. The work most relevant to this project is that related to the powder used and how it
ages with reuse.

Once a part is finished, common practice in AM is to recycle the unused powder for the next build.
However, due to partial sintering and melting effects, the recycled powder’s properties deviate
from the original. At present time there is little conclusive data or standardization on the full effects
of powder aging.

In late 2014, the National Institute of Standards and Technology (NIST) released a comprehensive
literature review of work related to manufacturing entitled Measurement Science Needs for Realtime Control of Additive Manufacturing Powder Bed Fusion Processes. It provides summaries of
numerous studies while also presenting any correlations found between process parameters and
part qualities. The breadth of the studies presented is substantial, and is broken up by pre-process,
in-process, and post-process measurements. Many of these studies, including those from Ning et al,
Wang, Wegner and Witt, found that the in-process variables that most affect the final part are scan
speed, laser power, scan spacing, and layer thickness. These are exclusively in-process
measurements, and thus outside the scope of the experiment [5].
The main focus of the NIST review was on AM parts with little consideration of how aged powder
affects them. Some of the most critical conclusions are mentioned below. The most common
parameters mentioned within the scope of the project are the powder density and particle size
distribution.

Spierings et al. found that a threshold relative powder density is required for the production of fully
dense parts. From this it was concluded that powder grain size distribution and density are critical
variables in consistent mechanical properties. The Archimedes method was also confirmed to have
low uncertainty and great repeatability [6] [7]. Research from Gu et al. also pointed out the
importance of the powder morphology, with spherical powder repeatedly outperforming irregularshaped powder in mechanical properties [8].
The rest of the NIST article contains a summary of correlations and trends found in researching
residual thermal stress, fatigue life, surface quality, porosity, and numerous mechanical properties.
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Weingarten et al. studied various drying methods in Formation and reduction of hydrogen porosity
during selective laser melting of AlSi10Mg. It was found that 96% of gas content in part voids was
hydrogen. The concentration of hydrogen comes from the moisture present on the powder and in
the machine prior to building. Drying the powder before use can reduce hydrogen content upwards
of 50% [9].
Kempen et al studied hardness, microstructure, as well as scan speed in Microstructure and
mechanical properties of SLM 18Ni-300 Steel. Their experimentation concluded that an increase in
scan speed or layer thickness results in a decrease in macrohardness and relative density. It was
also found that the density deficit can be recovered by re-melting the metal i.e. scanning the whole
part twice [10].

Given the spectrum of parameters that effect part builds, it’s difficult to obtain a comprehensive
description of a powder’s characteristics from one test as Clayton et al points out in The Application
of Powder Rheology in Additive Manufacturing. As a result they performed four different tests. First,
it was found that reduced permeability and increased specific energy are correlated to poor layer
uniformity, which leads to imperfections in the final part. The second study compared “identical”
powders from two different suppliers and found a fair amount of variation in powder properties.
The third study found that small quantities of additives in powder blends can have a significant
effect on the permeability and flowability of feedstock. The fourth part of the study examined the
flow differences between virgin powder, recycled powder, and a blend of the two. It was found that
the flowability of blends does not change linearly with respect to virgin powder added [11].

In Characterization and Control of Powder Properties Strondl et al discuss the flow properties of new
and used powders. It was found that recycled SLM powders have a better flowability than new
powders, possibly due to the decrease in finer particles. It was also found that porosity in final parts
is higher when made from recycled powders. These parts also have lower ductility and impact
toughness. The parameters studied that have the largest influence on mechanical properties were
oxygen content and porosity [12].
Tang et al examined powder composition, particle size distribution, apparent density, flowability
and particle morphology in Effect of Powder Reuse Times on Additive Manufacturing. In this study
they reached the major conclusions that: 1) Oxygen content increases progressively with reuse. 2)
Powder becomes less spherical with reuse with noticeable distortion and rough surfaces. 3) The
particle size distribution narrows, with fewer satellite particles after 11 cycles. 4) The flowability of
the powder improved with reuse. 5) The tensile properties are fairly consistent through multiple
build cycles [2].
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3 DESIGN DEVELOPMENT
The following section outlines the development of the overall experiment. A necessary subset of
this was the design of parts for comprehensive characterization of post-fabrication properties. Once
this was completed, the focus was shifted to the actual build plates to be fabricated by LLNL’s
machines. Additionally, a need was identified for a custom rheology instrument – the steps taken to
develop this instrument are outlined in this section as well.

3.1 Overall Experimental Development

The development of the overall experiment began with a literature review to identify all material
properties relevant to this project for both pre-processed powder and post-fabricated parts. Once a
list of properties was constructed, the team formed constraints to aid in down-selection. These
constraints were applied to the list of properties, resulting in a final list of 11 properties. The
characterization methods corresponding to each property was identified and arrangements were
made to conduct analysis for the project.

All Identified Tests

After an extensive literature search, the following powder properties were identified as those
which could potentially change over the course of build cycles and have an effect on the final
fabricated parts:

Powder Properties

Particle Size Distribution
Particle Morphology
Thermal Conductivity
Absorptivity
Tap Density
Rheology
Composition
Additionally, the following part properties were identified as those which would be affected by any
changes induced by the recycling of the feed powder:

Part Properties

Composition
Fatigue Strength
Tensile Properties
Compressive Properties
Microstructure
Hardness
Porosity
Fracture Strength
Tolerances with Overhangs/Complex Geometry
13

Forming Constraints

The following constraints were formed in order to systematically eliminate less-valuable tests from
the focus of this project:
3.1.2.1 Time
With the maximum testing period estimated to be 10 weeks, all properties and cycles must be able
to be analyzed within this timeframe.

3.1.2.2 Cost
All properties should be selected with the goal of minimizing cost to this project. If the analysis
must be performed at CP, the combined service fees must amount to $100 per cycle or below. If the
analysis must be performed by LLNL, approval is subject to the sponsor’s discretion. Any test that
must be performed by a contractor outside of CP and LLNL must not exceed the price of $50.00 per
specimen. If equipment must be purchased and exceeds $500 in value, there must be a justifiable
reason outside of this project to purchase.
3.1.2.3 Part Geometry
All part properties requiring specimens larger than the build volumes provided cannot be selected.
Properties requiring specimens with extensive post-processing are undesirable.
Safety - Any test that would require training in excess of 1 month, safety equipment exceeding
$200.00 in value, or poses extreme risk of danger or loss of life to the operator is considered
extremely undesirable.

Down-Selection

With these constraints in mind, the following tests were eliminated from the focus of this project:

3.1.3.1 Fatigue Strength
Fatigue strength analysis can require many weeks to perform. Justifying reservations of the
necessary testing equipment would be difficult. For these reasons, fatigue strength was removed
from the scope of this project.

3.1.3.2 Fracture Strength
Fracture strength analysis requires specimens of precisely controlled dimensions. Aside of the
extensive post-processing required for each specimen, the test itself can be subject to low
robustness. For these reasons, fracture strength was removed from the scope of this project.

3.1.3.3 Compressive Properties
For metals, compression properties derived from a uniaxial compression test are relatively similar
to tension analysis. Additionally, compression specimens are subject to more safety concerns
during testing. For these reasons, compressive properties were removed from the scope of this
project.

3.1.3.4 Overhang Analysis
Overhang analysis was considered extensive enough to be its own individual senior project. For this
reason, it was removed from the scope of this project.
3.1.3.5 Thermal Conductivity
The thermal conductivity of the powders was thoroughly investigated during the first quarter of
this project. Attempts were made to acquire a professional instrument from 4 suppliers. However,
the cost of these instruments were too high to be considered. Through brainstorming with ME staff
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members, it was determined that any custom thermal conductivity instrument would have
intrinsically high variability, potentially invalidating all analysis. For this reason, thermal
conductivity was removed from the scope of this project.

Testing Considerations

With the final properties in mind, the ADDER team at CP established points of contact within the
ME, MATE, and DSCI departments to use their instruments for analysis. Additionally, coordination
was made between several LLNL facilities for characterization methods unavailable at CP. The final
list of properties and their associated tests is outlined in Section 4. When developing the test
procedures, the following factors were accounted for:

3.1.4.1 Time Constraints
Some of the analysis methods require excessive time to perform. Properties that require more than
90 minutes per cycle to analyze are considered a roadblock to the completion of this project. For
this reason, these properties will be analyzed on the first, middle, and last cycles only. If there is
sufficient evidence that the properties have changed significantly between these three cycles,
additional tests will be authorized and conducted.
3.1.4.2 Nuisance Factors
Attempts were made to identify all nuisance factors in order to reduce their effect on the response
variables of interest. The following factors were identified:

Humidity - As a known and uncontrollable factor, humidity will be monitored during all stages of
powder handling and analysis. Analysis of covariance will be carried out if its assumptions are met
over the course of the experiment. Additionally, all powder samples shall be kept in desiccated
storage environments.
Order of Treatments - It is unknown how the order of analysis will affect the responses. To
combat this, all tests shall be carried out in a random order to reduce the potential effects of this
nuisance factor.

3.2 Part Development

In order to effectively test a wide variety of properties several parts were needed – often with a
part being used for multiple tests. Through discussion with LLNL the importance of certain
properties were deemed of lesser or higher importance in part design and selection. Drawings for
each part can be found in Appendix B.

KlinoCube

The KlinoCube, shown in Figure 2, was previously designed by LLNL and features three extrusions
each with different cross-sectional geometries – a semicircle, a square, and a triangle. The
microstructure of these extrusions was optically imaged to observe the effect that build direction,
surface shape, and size have on part build. The original design was scaled down so that the entirety
of each extrusion can be mounted inside a standard metallographic Bakelite specimen.
15

Figure 2. Isometric view of the KlinoCube.

In the conceptual phase, the extrusions were manipulated via solid modeling to include twists,
notches, and other cross-sectional geometries. One of these iterations is shown in Figure 3. The
original scaled-down model was ultimately chosen as many of the modifications detracted from the
part’s manufacturability and relevance to metallographic examination. Additional

Figure 3. Modification of KlinoCube extrusion.

RadioKnob

The RadioKnob, depicted in Figure 4, shall be used by LLNL for radiographic porosity analysis. Its
geometry has been designed to conform to the requirements of the instrument’s operators. Since
porosity is a high priority property and the RadioKnob is very small, it was selected for both the
MLab and M2 build series.

Figure 4. Isometric view of RadioKnob.
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Tensile Coupon

One part that was deemed a necessity was a tensile coupon. For the MLab build plate the “sub-size”
rectangular tensile design, shown in Figure 5, shall be printed and tested as per ASTM standard E8.
The selections of “sub-size” and rectangular cross-section were to conserve volume use. Prior to
tensile testing, the grip ends of the tensile bar will be used for testing hardness.

Figure 5. Isometric view of Tensile Coupon.

Since the M2 build volume is much larger, volume constraints will be less pressing. Consequently
the tensile coupon used for the M2 build series can be larger and of a different cross section.

Residual Stress Bridge

The Residual Bridge, shown in Figure 6, shall be used to qualitatively measure the residual thermal
stresses developed in the SLM process. These stresses are the result of uneven thermal cycling during
the build and are often substantial enough to result in macroscopic deformations.

Figure 6. Isometric view of Residual Stress Bridge.

The original bridge design was derived from the part used by Vrancken, with a solid rectangular
block of material and an arch cutout in the middle [13]. It is expected that the part will deflect at the
thinnest section of the part, at the top of the arch, once one leg is removed from the build plate. A
base was added to preserve this deflection. One leg shall be sectioned off from the base, the
deflection shall be measured and then compared to an equivalent stress trend via FEA.
17

Residual Stress Comb

Another part that was designed for the detection of residual thermal stresses is the Residual Stress
Comb, shown in Figure 7. The comb features a series of thin legs – with three sets differing in
diameter. When sectioned off, the deflection of each leg and the connecting portion would be
observed.

Figure 7. Isometric view of Residual Stress Comb.

For the MLab build series, the comb was not selected as it would likely be redundant with the
results from the Residual Bridge. However, the Comb may be used for the M2 build to see if any of
the additional variables affect the development of residual thermal stresses.

Compression Part

In the conceptual phase, the development of a compression part was discussed but ultimately
abandoned. A lattice structure, often used for compression purposes, is common in many LLNL
designs and was mentioned as a structure worth exploring. However performing compression tests
presented many safety concerns and would likely produce data that was redundant with the tensile
test. Additionally the properties affecting the integrity of the lattice intricacy would be captured in
other tests. Consequently, a compression part was never fully designed.

Other Part

Also discussed in the conceptual phase was the development of an “Other Part” to primarily test
tolerances. It was never deemed a high priority, as most properties affecting tight tolerances and
intricacies will be observed in other tests.

Depending on the feedback from the MLab build series, an “Other Part” could be added to the M2
build series.

3.3 Build Plate Development

In deciding on the selection and layout of parts for each build plate a handful of considerations
were held paramount. Firstly, each test performed needs enough trials per cycle to be deemed
repeatable or statistical relevant. Secondly, the whole test series shouldn’t end until changes in the
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powder or parts can be observed. These two considerations in conjunction drive a need to balance
the number of parts per cycle and number of cycles.

Compounded with the volume constraint was a height constraint – because the entire build volume
must be filled to the height of the tallest part. Subsequently, a Microsoft Excel program was created
in order to model powder losses through successive cycles. The program takes into account the
total build volume for the particular machine, and allows the user to select which parts, how many
parts, and the amount of powder to be taken for a build plate. Based on suggestions made, the
program also allows a pattern of 3 different plates to be modelled in order to limit the amount of
powder lost each cycle while still allowing for the different tests to be performed. The powder
volume remaining is graphed as well as powder bed height. Figure 8 and Figure 9 show the results
from the program. The red line in Figure 9 shows the height of the tallest part, the KlinoCube. Since
building must cease when the amount of powder remaining is no longer able to construct an entire
part, the maximum expected cycles for the MLab is 10 cycles.

Figure 8. MLab powder volume with respect to cycles.
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Figure 9. MLab powder height with respect to cycles.

Build Plate Design Constraints

Additionally, to help guide the layout design of each build plate the following quantitative
requirements were outlined.

3.3.1.1 Minimizing Height
Minimizing height was deemed important due to space limitations that arise once powder bed
levels become low. Parts will not complete fabrication if the height of the powder in the bed
becomes less than the height of the part. With this in mind and considering that all build plates
should be as similar as possible, it was decided to minimize the height of the parts across all build
plates.

3.3.1.2 Minimize Part Contact with Plate
In order to minimize residual thermal stresses while maximizing exposed surface area of the parts,
it was decided to minimize the contact area of parts with the plate. This requirement has been
made based on recommendations by the machine operators.

3.3.1.3 Maximize Space Between Parts/Even Distribution
Maximizing space between parts reduces unintentional thermal interactions. In comparison with
building in a small subsection of the plate, spreading the parts out results in a uniform and
distributed heat affected zone. In doing so, this would also increase the amount of powder affected
by the laser. This is important, as small areas of unused powder heavily affected by the laser would
be difficult to representatively sample.

3.3.1.4 Uniformity across Different Build Plates
Consistency across consecutive build plates ensures there is less variability between samples. This
may be achieved in various ways, the simplest being identical build plates for the entire experiment.
If size limitations prohibit the use of a single build plate design, the different designs should be
similar in powder volume usage and exposed part surface area.
20

3.3.1.5 Safety Margin of 20%
It was observed that up to 20% of powder volume is lost due to HEPA filtering and metal
vaporization. Thus, a safety margin of at least 20% powder volume was identified based on
feedback given by the machine operators.

3.4 Custom Instrument Development
In order to characterize powder with regards to flowability, a custom instrument needed to be
investigated in order to fit with existing testing criteria. The process for creating the instrument is
outlined below followed by a description of the final design.

Background

In Selective Laser Melting applications, powder flowability presents an ever present concern when
considering moving powder from feed hoppers to build volume. In addition, it is crucial that the
distribution of particles on the top layer of powder remain as consistent as possible across the build
area as new layers are applied. Currently, there are few studies that have explored power rheology
with respect to metal powders as used in SLM. Those that have referenced flowability fail to relate
the property to other powder characteristics.
Granular materials such as metal powders exhibit properties of all three states of matter and
therefore behave unlike any other materials. The understanding of powders is very poor although
in recent years, the number of studies focusing on granular flow have increased over tenfold, as
new technologies have demanded further understanding of these complex substances [1].
However, most of these studies originate in the pharmaceutical industry. One comprehensive study
done by G. Lumay, et al. states that granular materials experience complex transitions between
static and dynamic states and that the motion of the grains is influenced by (i) the steric repulsions,
(ii) the friction forces, and (iii) the cohesive forces [14]. Furthermore:
“The steric repulsion is related to the geometry of the grains. The friction forces are
influenced by the surface properties and by the chemical nature of the grains.
Finally, the cohesive forces are induced by the presence of liquid bridges, electric
charges, van der Waals interactions and magnetic dipole– dipole interactions. The
granular materials can be split in two categories: cohesive and non-cohesive
granular materials. In non-cohesive granular materials, the interaction between the
grains is mainly related to the steric repulsion and to the friction forces. Therefore,
the macroscopic properties of the assembly are governed by the geometry of the
grains (shape and size distribution) and by the surface properties of the grains.
When the cohesive forces between the grains become greater than the weight of one
grain, the macroscopic properties are strongly influenced by the cohesion inside the
packing. Therefore, when the grains become smaller, the macroscopic properties of
the assembly are mainly governed by the cohesive forces.”

These relations will be used to confirm the connections we find with flow properties and other
powder characteristics when looking at metal powders and aging.
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There exist several testing methods that aim to provide an understanding to the ability of a
granular material to flow. Most, if not all of these methods, have been developed by the food or
drug industry, particularly the pharmaceuticals industry. Standard methods include angle of
repose and other handling angles, standardized flow rate, apparent and tapped density, and shear
cells.

With the exception of shear cells, these methods have demonstrated the dependence on particle
shape and distribution as well as temperature and humidity to its ability to flow [15]. Shear cells on
the other hand provide insight into the intrinsic nature of the frictional and cohesive forces
between the particles by applying a known load to a bed of powder and measuring the shear forces
generated by the powder. As Guerin et al. points out, the shear cell methodology consumes time
and product and furthermore, “all these approaches present a major disadvantage being that they
are too product consuming, particularly during the first step of a novel drug development when
only a very little amount of the product is available” [15]. Herein lies the issue of many of these
methods with regards to characterizing the flow properties of metal powders – they consume too
much powder. It was thus determined to use a novel testing method for flowability
characterization of powder.
In addition, many other professional laboratory instruments were investigated, though ultimately,
each test proved again to either consume a large amount of powder and time or cost well above
what a senior project should cost, especially when looking at 11 other properties during the study.

Ideation

In order to fit with the general testing criteria, the design criteria for the custom instrument
includes the following:
•
•
•

Limit the powder sample
Short time to run each test
Ease of use/modularity

Limiting the powder sample used by the machine was selected as a major design criteria due to the
lack of powder available during testing, particularly when sampling from the MLab SLM machine.
Based on powder usage analysis in Section 3.3, the maximum amount of powder available for
testing each cycle while still maintaining about 9-10 samples was about 1 cubic inch. As a factor of
safety against random losses, the maximum amount of powder to be used by the machine had to be
below 1 cubic inch and our goal design uses only 0.5 cubic inches.

Furthermore, based on the number of tests run during this experiment and the limitations of time
for the lifespan of the project, time to run each sample was also selected as a major design
consideration. As many of the existing methods of powder flow characterizations are time
dependent, this device needed to be as time independent as possible to allow for rapid testing of
samples. In addition, the device would need to be used to quickly characterize powder in a
manufacturing setting. Arbitrarily, the maximum time to run a sample, including setup, testing, and
cleanup was made to be less than 15 minutes.

Finally, the device needs to be easy to use and also modular, allowing for quick iterations of the
design and the use of other equipment if needed. This will allow the device to be compatible with
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any existing solutions or infrastructure in a facility and increase its ability to be adapted to any
situation.

Angle of repose has proven to be a good indicator of flowability and many known standards exist
for several materials. Table I below shows these known standards. In addition, it is the simplest of
tests to perform and only requires the powder to flow and settle under its own weight. Existing
angle of repose methods could be scaled down to fit with stated design criteria. Standardized
flowrate would also be easy to perform, but variability/uncertainty in the results would likely lead
to poor data from such a test, particularly with the amount of powder available.
Shear cells would give more insightful data about the powder, however, no machines exist that fit
the design requirements.
Table I. Accepted angle of repose values of common materials.

Material

Angle of Repose (degrees)

Bark (wood refuse)

45°

Ashes

Asphalt (crushed)
Bran

Chalk

Clay (dry lump)

Clay (wet excavated)
Clover seed

Coconut (shredded)
Coffee bean (fresh)
Earth

Flour (corn)

Flour (wheat)
Granite

Gravel (loose dry)

40°

30–45°
30–45°
45°

25–40°
15°
28°
45°

35–45°
30–45°
30–40°
45°

35–40°
30–45°

Gravel (natural w/ sand) 25–30°
Malt

Sand (dry)

Sand (water filled)
Sand (wet)
Snow

Sugar

Urea (Granular)
Wheat

30–45°
34°

15–30°
45°
38°
39°
27°
27°
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Design Selection

After consideration of the design criteria, a novel method of testing angle of repose was selected as
the best solution for the given challenge. This method will consist of quickly raising a vertical tube
filled with powder and allowing the powder to flow under its own weight and settle into a conical
shape. The angle of repose could then be measured using an image captured by any camera and
analyzed with any image processing software. Since the ImageJ software is already in use during
this experiment, it will also be used for this method. Additionally, many smartphone cameras have
the capability to take high quality photos which will be sufficient for this application.

This method was selected based on the small amount of powder required for each sample and the
repeatability of results. A similar test was considered using a scaled down version of a fixed funnel
method which could consume similar amounts of powder. However, the powder would need to be
manually fed into such a machine which could alter the repeatability of the test. To maintain the
integrity of testing conditions for the final design, a high speed linear actuator will be used to raise
the glass tube, ensuring a consistent and repeatable motion. Results can then be compared with
known values of other powders in order to determine the quality of flowability of the powder.

Proof of Concept

In order to ensure the feasibility of the design, a proof of concept test was run. The test involved
using two different tube sizes and manually lifting the tube for several common household powders
with known angles of repose. The materials used are listed below.
Equipment
• Black ceramic tile
• White ceramic tile
• 3/8” I.D. copper pipe coupling
• 5/8” I.D. plastic sprinkler extension pipe
Powders
• Powdered sugar
• Cornstarch
• Granulated sugar
• Flour

Running the test involved placing one of the empty tubes vertically on the tile platform. Powder
was then carefully dumped into the tube, and any powder that fell outside of the tube on the
platform was swept aside so as not to interfere with the cone of powder once the tube is released.
Manually, the tube was then quickly raised and the powder allowed to flow. A cone of powder
formed and an image was taken using an iPhone 6 camera. An example of one of these images can
be seen in Figure 10.
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Figure 10. Angle of repose concept image. Powder is granulated sugar dispensed from a copper coupling.

The image was then run through ImageJ image processing software, calling upon a function
designed to give an angle between two vectors. Several trials were run for the same conditions and
the angles of repose measured and averaged to give a final angle for the material. Results showed
that the individual tests varied between about 15° and 29° for the white sugar, with the mean and
standard deviation at 24° and 3° respectively. Concerns were raised about the magnitude of the
variance between tests, however this proof of concept did not address many uncontrolled variables,
particularly the characteristics of the lifting of the tube. According to Zhichao Liu in Measuring the
Angle of Repose of Granular Systems Using Hollow Cylinders the method of raising the tube has an
effect on the resulting angle of repose [16]. The final prototype will be built to address these
variables. Additionally, the average angle of repose measured was less than the known value of 37°.
Again, this variance could be due to errors in the testing variables, however, for the final design, a
thorough calibration will be done in order to account for any further differences encountered.
The proof of concept test resulted in important conclusions to be addressed in final prototype
design. The first being control of test variables, particularly the lifting characteristics. Secondly,
camera placement and angle can skew the angle seen in the captured image. Standards for these
variables will need to be developed in order to further minimize variance in determined angles.
Furthermore several runs are required for each sample in order to form a statistical profile of the
sample.

Addendum – Custom Spreader Instrument

As an alternative approach to characterizing powder rheology, an attempt was made to build an
instrument that mimics the spreading process that occurs in the SLM build chamber. Following
each spreading operation, a high-resolution image of the powder with a fixed lighting source is
taken and analyzed with the image processing software imageJ to identify topographic features
indicative of poor spread quality (Figure 11). Because the development of this instrument began
late winter quarter, its scope and design was limited to proof of concept. Please refer to (5.12) for
the results of its prototyping effort.
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Figure 11. Powder spreader instrument conceptual design. a) Static lighting element for consistent shadow formation. b)
Powder tray. c) Powder laid flat by spreading apparatus. d) Spreading apparatus.
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4 DESCRIPTION OF FINAL DESIGN
The following properties are the focus of this senior project, shown in Table II. The standard
operating procedures for all properties analyzed by Cal Poly are outlined in Appendix A. The
desired analysis and results for all properties analyzed by LLNL are outlined in Section 4.7.
Property

Table II. Summary of properties and analysis methods

Particle Size Distribution
Particle Morphology
Powder Tapped Density

Analysis Method

Operator

Cycles to Analyze

Malvern G3 Morphologi

LLNL

Every other

Coulter LS220 PSA

CP

Malvern G3 Morphologi

LLNL

Vibes Table Adapter

CP

SEM

CP

All

Every other

First, Middle, Last
All

Powder Absorptivity

Custom Absorptivity Instrument

LLNL

First, Middle, Last

Powder Spread Quality

Spreader Instrument

CP

All

Powder Angle of Repose
General Composition
Surface Composition
Microstructure

Tensile Properties
Porosity
Residual Thermal Stresses
Surface Morphology

Angle of Repose Instrument
X-Ray Fluorescence

CP
CP

All
All

X-Ray Photoelectron
Spectroscopy

LLNL

First, Middle, Last

Instron Hydraulic Loadframe

CP

All

Metallography Labs

CP

First, Middle, Last

MicroXCT-200

LLNL

First, Middle, Last

FEA Modelling

CP

All

Archimedes’ Principle
SEM

CP

CP

All

First, Middle, Last

27

4.1 Powder Properties
Particle Size Distribution

Particle size distribution (PSD) is a record of particle sizes in a sample of powder. During the
melting process, many of the particles nearby are partially sintered together, resulting in
conglomerate particles in the recycled powder. This was found to raise the average particle size as
much as 37% [2]. Many of the smaller particles are also lost to the in-process ventilation and
recycling. The combination of increasing particle size and loss of smaller particles creates more
gaps between powder particles, resulting in a decreased tap density and increased part porosity.
PSD shall be analyzed with the Beckman Coulter LS230 PSA.

Particle Morphology

The morphology of a particle is classified by ASTM B243. In general, the processes used to fabricate
metallic AM powders produce nearly spherical particles with few defects. As the powder added to
the AM machine undergoes build cycles, irregular shapes become more common due to
agglomeration and partial sintering effects (Figure 12). These irregular shapes may result in a
reduction of packing efficiency, resulting in larger individual pores in the part and subsequent
deterioration of mechanical properties [5]. Morphology shall be characterized by LLNL using their
Malvern G3 Morphologi instrument. As a second measure, CP will also characterize particle
morphology under the SEM.

Figure 12. Example particle morphologies. Particles imaged with a SEM.

Powder Tap Density

The apparent density of the powder when it is allowed to settle under its own weight is called the
tap density. This is an important in-process property, as inefficiently packed powder may result in
increased porosity. It is expected that the tap density will decrease due to an increase in particle
size variation. Additionally, non-spherical particles may also decrease the tap density of the overall
powder [5]. Tap density shall be analyzed by CP with the DSCI Tap Density instrument.

Powder Absorptivity

Absorptivity is the ratio of optical power absorbed by a material to incident power applied to the
material. Previous studies have found that absorptivity is affected heavily by size distribution and
particle morphology [17]. A change in absorptivity would affect energy transfer from the laser to
the powder, which would detrimentally affect melt pool geometries. Incomplete melting would
result in increased porosity and decreased strength. With increased cycling, it is expected that the
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absorptivity will decrease. Absorptivity shall be analyzed with LLNL custom absorptivity
instrument.

Powder Rheology

Rheology refers to the study of the flow of a material. Quantitatively, rheology can be expressed by
several different parameters, such as deformation, stress, viscosity, and coefficient of friction.
Powder rheology has been selected because of its importance in SLM applications. How the powder
flows influences the manner in which it fed into the build volume. Previous studies have shown that
flow properties may be related to particle size distribution, particle morphology, and other powder
properties. However, these connections have not been explored within additive manufacturing
applications. Based on previous studies, it is expected that flowability of the powder will increase
with subsequent cycles, resulting in a decrease in angle of repose. Rheology shall be characterized
with the Custom Rheology Instrument, found in Section 4.5.

4.2 Powder and Part Properties
Composition

The relative amounts of each element in an alloy plays an important role in the material’s
mechanical and physical properties. It is possible that the SLM process selectively vaporizes certain
elements at its high operating temperatures. Additionally, segregated elemental distribution may
occur during heating and cooling of the unused powder [5]. Over many cycles, these compositional
gradients may result in unfavorable changes to the properties of the fabricated parts. Because of
this, composition is an important property to monitor during the SLM process. Composition shall be
characterized with x-ray fluorescence and x-ray photoelectron spectroscopy.

4.3 Part Properties
Microstructure

Microstructure refers to the microscale grain structure of the material. It provides information
about past processing conditions such as cooling rates, heat treatments, thermal gradients, and
strain directions. The morphology of the phases, the degree of porosity, and the presence of
inclusions aids one in predicting the structural behavior of the material. Analyzing the
microstructure of the fabricated parts after the SLM process will potentially provide information
about the melt pool geometry, wetting conditions of the particles, and changes to porosity as the
powder undergoes more and more cycles. Microstructure shall be analyzed with the KlinoCube,
found in Section 3.2.1, using CP’s metallography labs.
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Figure 13. Commercial purity molybdenum microstructure.

Hardness

Hardness is a measurement of the mechanical properties on the surface of a sample. Because it is a
quick and relatively simple characterization method, it stand as an efficient way of validating the
mechanical properties of the specimen. Hardness with be characterized with a Rockwell Hardness
Tester.

Tensile Properties

The tensile properties of a material serve as representative mechanical values when designing for
load bearing applications. The most common and important properties are elastic modulus, yield
strength, ultimate tensile strength, and percent elongation. These values are heavily affected by the
geometry and microstructure of the final part. Inclusions, porosity, surface finish, and grain
structure all affect tensile properties in different ways. Previous studies have shown conflicting
powder recycling results, potentially due to differences in material systems [12] [2]. It is the goal of
this project to look at the tensile properties of the fabricated parts in conjunction with other
material attributes in order to make meaningful connections between both groups. Tensile
properties shall be analyzed by CP with an Instron Hydraulic Loadframe.

Internal Porosity

Internal porosity is the result of trapped gases, incomplete melting, and inefficient packing during
the SLM process. Previous modelling attempts have shown that non-uniform size distribution
allows smaller spherical particles to fill the space between larger spheres, increasing the packing
efficiency and reducing the overall porosity of the fabricated parts [5]. As the powder undergoes
cycles in the machine, the distribution and particle morphology may change, resulting in an
increase or decrease in porosity. Porosity shall be analyzed by LLNL with their MicroXCT200
instrument. Additionally, it will also be measured indirectly by CP through Archimedes’ principle.

Residual Thermal Stress

Residual thermal stresses are commonplace in metallic additive manufacturing. These internal
stresses result from the complex heating and cooling patterns exhibited during the SLM process.
These patterns result in unevenly distributed thermal expansions and contractions, ultimately
manifesting as internal stresses. Such stresses can have a substantial effect on the final part’s
geometry and mechanical properties [18]. Because of the lack of studies involving residual stresses
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with respect to recycled powder, it has been selected as an important property to monitor. Residual
stresses shall be visually documented by CP and modelled using finite element analysis.

Surface Morphology

The surface morphology of the fabricated part has a large effect on its mechanical properties.
Irregularities can act as stress concentrators, resulting in strength values much lower than
expected. Parts fabricated by SLM have surface morphologies largely dependent on the particle size
distribution, particle morphologies, and orientation in the machine [5]. Depending on how these
properties change, the surface morphology could be affected as well. The surface morphology of
parts shall be analyzed by CP through SEM imaging.

Figure 14. Example surface morphology. Depicted are partially sintered particles on the surface of a part.

4.4 Build Plate Final Design
Parts

Exactly 2 Tensile Bars, 1 KlinoCube, 1 RadioKnob, and 1 Bridge shall be incorporated into the build
plate design. In total, the 5 parts will consume 1.0605 in3 of powder per cycle (Table III). Drawings
for each part can be found in the Appendix at the end of this report.
Table III. Individual Part Volumes
Part Name Number Volume/Cycle (in3)
Tensile Bar
2
0.6
KlinoCube
1
0.318
RadioKnob
1
0.005
Bridge
1
0.1375
Total
5
1.0605
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Plate Design

The build plate shall be designed according to the following criteria:
•
•

•

Minimize potential interaction between parts through even spacing
Minimize build height in order to maximize the total amount of powder available for
fabrication
Interface the parts with the surface of the build plate in such a way that minimizes the
number of processes necessary to retrieve the parts in shipping condition

An example build plate is provided in the Appendix at the end of this report to demonstrate all
parts fit while meeting the aforementioned design criteria.

Powder Usage Analysis

Each cycle is predicted to require approximately 3.06 in3 of powder: 1.06 in3 for building parts, 1.5
in3 for powder samples, and a nominal safety margin of 0.5 in3 to account for standard operational
losses. Assuming a total of 39.4 in3 of powder (equivalent to the entire MLab build volume) is
initially utilized for this experiment, the MLab machine shall complete 8 build cycles (Table IV and
Table V). The limiting factor is the height of the tallest part on the plate – once the remaining
volume of powder is unable to fill the chamber to this height, it must cease operation (Figure 15).
(The tallest part, KlinoCube, is estimated to be 0.975 in tall when placed on the build plate
according to the designer’s recommendations.)
Table IV. Powder Volume Consumed per Cycle
Component
Volume/Cycle (in3)
All Parts
1.0605
CP Powder Sample
1
LLNL Powder Sample
0.5
Safety Margin
0.5
Total
3.0605

Table V. Powder Remaining per Cycle
Cycle
Powder
Powder Height
Number
Remaining (in3) in Chamber (in)
0
39.40
3.138
1
36.33
2.894
2
33.27
2.650
3
30.21
2.406
4
27.15
2.163
5
24.09
1.919
6
21.03
1.675
7
17.97
1.431
8
14.91
1.188
9
11.85
0.944
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Height of tallest part

Figure 15. Height of build chamber powder vs cycles.
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4.5 Custom Rheology Instrument Description
The final instrument design for the custom rheology test is outlined in the following sections.
Operating procedures and additional materials are also found below.

Physical Description

The custom rheology instrument to be developed will
be composed of the materials shown in Table C1 in
Appendix C. In addition, a rendering of the instrument
assembly can be found in Figure 16. The main support
for the structure is a heavy duty lab stand with a
platform and column upon which other parts are
attached. Starting from the bottom up, the powder
platform consists of a collection dish and a platform
upon which the powder will be released. The
collection dish exists to collect the superfluous powder
in the sample that falls off of the platform above. The
platform is approximately 0.5 inches in diameter
which will form a cone with a maximum volume of
0.03 cubic inches for an angle of repose of 60° which is
beyond the expected range of values for the measured
angle of repose. In addition, 0.03 cubic inches is
significantly smaller than the design criteria specifies,
however, when adding superfluous powder to ensure
a full cone on the platform, the total powder added to
the machine will likely total to approximately 0.1 cubic
inch – again below the specified criteria. The entire
piece will likely be constructed from 3D printed
extruded ABS plastic. However, the top surface of the
Figure 16. Solidworks model of custom rheology
platform is covered by a paper disc cut to the
isntrument.
aforementioned size. This material is used in other
rheology applications and according to the study done
by Liu, surface roughness has an effect on the resulting angle of repose seen [16]. Therefore, this
and other materials will be tested during calibration of the machine to see which material gives the
best result.

Above the platform, the glass borosilicate tube rests, guided by one or two plastic bushings held by
clamps. The bushings will ensure that the tube only moves in the vertical direction and eliminate
any unwanted movement during operation. The glass tube has an inner diameter of approximately
0.315 inches (8mm) and will be cut to a length of about 3 inches. The diameter of the tube was
selected to be smaller than the diameter of the platform in order to ensure a seal between the two
to limit any powder leaking from the tube skewing results. Gracing the top of the glass tube is the
coupler to attach the tube to the linear actuator. This piece will also be constructed of 3D printed
ABS plastic and will feature a funnel shape in the interior to aid in pouring powder into the tube.
Connecting the coupling to the tube will be accomplished using a polyurethane adhesive.
A high speed linear actuator is used to lift the tube off of the platform. The decision to use a linear
actuator for this application resulted from the need to produce a repeatable and consistent tube
lifting profile. Furthermore, this particular actuator, the specification sheet of which can be found
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in Appendix D, strokes at a rate of 9 inches per second. Compared to other actuators of this size,
this was the highest speed available. Rational thought brings one to believe that a slow lifting speed
will influence the way the powder flows out from the bottom of the tube, possibly slowing the
powder or forcing the powder to flow radially outward rather than down. Therefore, to remove
these undesirable effects the tube would ideally just disappear, however, a rapid upward
movement is the only practical solution. In this way, the powder will be allowed to flow under its
own weight, uninterrupted by obstacles. Powering the linear actuator is a 12V DC power supply. A
polarity reversing switch is used to extend and retract the actuator stroke.

Operation

Basic operation of the device consists of setting the position of the actuator based on platform and
tube height, adding a sample to the tube, connecting the tube and actuator, and finally retracting the
stroke. Each time the machine is run, the height of actuator needs to be set in order to ensure a
tight seal between the bottom of the tube and the platform. To accomplish this, hold the tube
tightly on the platform, then extend the stroke of the actuator fully. Place the end of the stroke into
the coupler on top of the tube. Insert the coupling pin to ensure a proper fit, then remove it.
Tighten the two clamps holding the actuator to the stand to secure the actuator. The stroke can
then be detracted to allow powder to be poured into the tube. A detailed procedure can be found in
the Custom Rheology Instrument SOP in Appendix A.

Data Analysis

Data reporting shall follow procedures outlined in the Custom Rheology Instrument SOP in
Appendix A. Data outputs of the device will include 3 images from each sample. Each image will be
processed separately by an image processing software. For this experiment, ImageJ will be used to
determine the angle of repose. This process consists of:
1)
2)
3)
4)
5)

Opening ImageJ software
Opening the desired image in the program
Selecting the ‘Angle’ tool from the ImageJ toolbar
Clicking on a point on one side of the pile along the horizontal (at the base of the cone)
Clicking again on the point on the other side of the pile where the angle meets the base of
the cone. A line should be drawn between the two points, ideally this line is perfectly
horizontal.
6) Moving the mouse over to the top of the cone at the top point. A line should be connected
from point in step 5 to the cursor location. Ensure the cursor (or line) is located/passes
through exactly at the top point of the pile. The line does not have to be contained within
the pile or stay out of the outline of the pile, as long as the two points for the line are at the
bottom corner and top corner. DO NOT CLICK AT THIS POINT.
7) Recording the angle given by ImageJ. In the ImageJ toolbar, several values are shown
including x and y locations as well as angle.

This measurement will be taken twice for each image (one for each side) and averaged together.
Then, each of the 3 images for a single sample will be averaged together. In total, 6 values will be
taken for each sample. Figure 17 below shows an example of the line placement and angle
measurement results from the ImageJ software.
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Figure 17. Example angle analysis. ImageJ software utilized to measure the angle.

Correlations between the value of angle of repose and other properties measured will be explored.
In addition, the values will be compared to other materials with known values in order to
determine the “flowability” of the powder based on the scale shown in Table VI below.
. Flow Property
Excellent
Good
Fair
Passable
Poor
Very poor
Very very poor

Table VI. Scale of powder flowability based on angle of repose.
Angle of Repose (°)
Hausner ratio
25-30
1.00-1.11
31-35
1.12-1.18
36-40
1.19-1.25
41-45
1.26-1.34
46-55
1.35-1.45
56-65
1.46-1.59
≥66
≥1.60

4.6 Final Fabrication Procedures
The following procedures represent the desired fabrication process for powder sampling, part
generation, and successive recycling of powder. These procedures may be changed in order to
comply with other standards or due to issues with ease of operation and/or cost.
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4.6.1.1 Concept Laser MLab Fabrication Procedures
A. Before powder is added to the machine, take 6 samples of powder from the source of virgin
powder. These samples are to serve as controls unaffected by the SLM process. Each
sample shall be approximately 2 in3 (33 mL) and shall be placed in the appropriate
container sized by LLNL and labeled according to the labeling procedures listed in Section
4.6.2.1. Desired powder sampling procedures based off ASTM B215 are described as
follows:
a. Ensure powder is thoroughly mixed.
b. Pull 5 individual samples from the powder such that the total volume of the samples
equals the total desired sample size. (Individual = 0.4 in3, Total = 2 in3) Vary the
location from which the individual samples are taken in all 3 directions in order to
achieve a representative total sample of the entire powder volume.
 Specific measuring techniques will be left to the operator’s discretion,
keeping in mind: contamination, losses of smaller particles due to
air/motion, and exposure to the environment.
B. Fill the entire Concept Laser MLab hopper with virgin powder.
C. Initialize the Concept Laser MLab with the build plate design, similar to the one depicted in
section 4.4.2.
D. Begin filling out the Log Sheet provided at the end of this report.
• This sheet is used to track ambient and operating variables. A new Log Sheet shall be
filled out anytime the machine is run.
E. Run the Concept Laser MLab machine to build the parts.
• All of the powder shall be put through to the build volume. The exact procedure for
this is left to the discretion of the operator, and could be accomplished by running the
powder through the applicator layer by layer, speeding up the rate of application after
parts are finished, or manually dumping the remaining feed lot powder into the build
space.
F. Brush all of the powder into the overflow container and clean the build plate appropriately.
At this point, all of the powder shall be in the overflow container and ready to be sieved.
G. Sieve the powder with a 50 micron filter.
• Powder removed during sieving shall be stored for future analysis
• If necessary, further mix the powder after sieving to ensure a homogeneous state.
H. If this is an odd numbered cycle, take a powder sample of 1.0 in3 for Cal Poly and another
sample of 0.3 in3 for LLNL.
• The 1.0 in3 sample will be placed in an appropriately sized container, labeled
according to the labeling procedures listed in Section 4.6.2.1, and shipped to Cal
Poly.
• The 0.3 in3 sample will be placed in an appropriately sized container, labeled
according to the labeling procedures listed in Section 4.6.2.1, and kept at LLNL for
testing in the G3 Morphologi and absorptivity instruments.
• Following this procedure will result in powder sampling on every other cycle
I. Place the remaining powder back into the feed lot to be run again.
J. Cut the fabricated parts off of the build plate using the Wire EDM along the plane of the
build plate as outlined in Section 4.4.2.
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K. Exactly one tensile bar, selected at random, shall be heat treated according to LLNL’s
standard heat treatment procedures for Nitronic 40 parts
• No other parts shall undergo heat treatment
L. Label and package fabricated parts according to the labeling procedure outlined in Section
4.6.2.2.
M. Repeat steps C-K until any of the following conditions are met: 1) 10 cycles are reached, 2)
the level of powder remaining does not allow for the completion of an entire build cycle, 3)
particle size/powder quality diminishes to a point that the machine becomes inoperable 4)
operator’s discretion.

NOTE:
The log sheet included with this report shall be used to track operating variables and provide space
for in-process observations to be recorded. The second half of the page is the space for those
observations to be written down with guiding section titles on the left. It is highly recommended
that notes are made about each cycle, particularly with regards to:
• Any issues that arise during fabrication.
• Issues that arise during sampling (both parts and powder).
• The quality of the parts being produced and any defects (to compare with parts received).
• The amount of powder and other material that gets sieved out of the powder lot (is there a
particular point at which an unusual amount of powder starts to get sieved out?).

Labeling and Packaging

4.6.2.1 Powder
Powder samples will all be labeled according to the following properties:
A. Material
B. Cycle
C. Date
D. Approximate Volume

A sticker sheet template is included in the Appendix at the end of this report which includes all of
the above properties and can serve as a guide or can be used in conjunction with the appropriate
sticker sheet in order to print labels. This method is suggested as all labels will be consistent and
will be easiest for the operator to fill out. The labels should be completed in pen and initialed by the
operator.
The sticker sheet template is compatible with the following Avery Products:
15162, 15662, 18162, 18662, 48462, 48862, 5162, 5262, 5662, 5962, 8162, 8252, 8462, 8662,
88662, 95662, 18262

Powder samples shall be packaged and stored in a re-sealable airtight container. This robust
container shall at the very least be optically translucent and resistant to mechanical damage
anticipated during shipping. The material shall have a minimized adhesive interaction with the
powder and be non-reactive. The container volume shall not exceed 3x the volume of the powder
contained within it. The label sticker shall be placed on the body of the container such that the
contents of the container can still be visible from some location. Should a partial vacuum or an
inert environment be desirable for shipping and storage, a note will be made with all samples with
the details of the sealing conditions.

38

4.6.2.2 Parts
The 2 tensile bars, 1 KlinoCube, and 1 Bridge are for Cal Poly characterization. The 1 RadioKnob is
for LLNL characterization. The Cal Poly parts shall be placed in a clear, re-sealable plastic bag (like a
Ziploc bag). The LLNL part shall be placed in a separate clear, re-sealable plastic bag. Therefore,
there shall be two bags per build plate that together contain all of the parts. Both bags shall be
sealed with as much of the air inside pushed out, so as to limit the chances of the bag popping
during handling.
Each bag shall be labeled with the following information:
A. Material
B. Cycle
C. Date

4.6.2.3 Shipping
Samples will be shipped as seen fit by LLNL to Cal Poly. All efforts shall be made to ensure that
samples are not damaged or contaminated in any way during transit. The shipping address for all
shipments is:
Nick Muetterties
Mustang ’60 Machine Shop
Cal Poly
1 Grand Ave.
San Luis Obispo, CA 93407
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4.7 LLNL Testing Procedures
MicroXCT-200 Radiography Instrument

The MicroXCT-200 Radiography machine shall be used to characterize the RadioKnob part for its
density and internal porosity. In total, three RadioKnobs will be characterized: the first cycle, the
last cycle, and the median cycle. The observations to be made are as follows:
• The percentage of the overall part volume that is occupied by air/pores (% by volume
porosity)
• One .AVI video file of the part scanned longitudinally (square cross-sections)
• One .AVI video file of the part scanned transversely (circle cross-sections)

All information from this instrument should be labelled appropriately with regards to the build
cycle that the part came from. The video files should contain information about the scale of the part
with respect to the pixels displayed (for example, microns per frame slice and microns per pixel). In
total, 2 video files and 1 porosity reading shall be recorded for each part and submitted to Cal Poly
for additional analysis.

All used and un-used RadioKnobs shall be kept for the duration of this experiment in the event that
more data is required.

Malvern Morphologi G3 Instrument

The Malvern Morphologi G3 instrument shall be used to characterize the LLNL powder samples for
particle size and morphology. Based on operator estimates, approximately 0.1 in3 of the 0.3 in3
powder sample designated for LLNL shall be used for each observation. In total, powder samples
from four cycles shall be characterized. The cycles selected shall vary based on how many are
completed. However, the first and last cycle powder samples shall be characterized no matter what.
The other two cycles shall be evenly spaced between the cycles. The observations to be made in
order of importance are as follows:
• Aspect ratio (shape)
• Circular equivalent (size)
• Circularity (shape)
• Convexity (shape)
• Solidity (shape)
All information from this instrument should be labelled appropriately with regards to the build
cycle that the powder sample came from.

All used and un-used powder samples shall be kept for the duration of this experiment in the event
that more data is required.

Absorptivity Instrument

The custom absorptivity instrument shall be used to characterize the LLNL powder samples for
absorptivity measurements. Based on operator estimates, approximately 0.1 in3 of the 0.3 in3
powder sample designated for LLNL shall be used for each observation. In total, powder samples
from three cycles shall be characterized: the first cycle, the last cycle, and the median cycle. The
observation to be made is as follows:
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•

Absorptivity measurements at varying temperatures and wattages (operator’s discretion)

All information from this instrument should be labelled appropriately with regards to the build
cycle that the powder sample came from.

All used and un-used powder samples shall be kept for the duration of this experiment in the event
that more data is required.

XPS Analysis

The XPS instrumentation shall be used to characterize the LLNL powder samples and RadioKnob
for surface composition changes. In total, powder and part samples shall be characterized from
three cycles: the first cycle, the last cycle, and the median cycle. The observations to be made are as
follows:
• % Composition from each sample
• Spectras from select samples (operator’s discretion)

4.8 PROJECT MANAGEMENT PLAN

Each team member responsible for the following properties and analysis methods. This includes
the associated SOP documents, knowledge of operations, instrument reservations, and data
analysis.

Thomas Lovejoy

4.8.1.1 Properties
- Hardness
- Tensile Properties
- Residual Thermal Stresses
- Internal part analysis
4.8.1.2 Analysis Methods
- Rockwell Hardness Tester
- Instron Tensile Tester
- Finite Element Analysis
- MATLAB
4.8.1.3 Logistics
- Mechanical Engineering Department coordination

Nicholas Muetterties
4.8.2.1 Properties
- Particle Size Distribution
- Powder Tapped Density
- Powder Rheology
4.8.2.2 Analysis Methods
- Beckman Coulter LS230
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-

Custom Vibration Table Adapter
Custom Rheology Instrument

4.8.2.3 Logistics
- Meeting Minutes
- Diary Science Department coordination

David Otsu
4.8.3.1 Properties
- Particle Morphology
- Microstructure
- Surface Morphology
- Composition
- Absorptivity
4.8.3.2 Analysis Methods
- SEM
- Metallography
- CT Scan Video Analysis
- XRF
4.8.3.3 Logistics
- Agendas
- Gantt Chart
- Materials Engineering Department coordination
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5 EXPERIMENTAL RESULTS AND DISCUSSION
This section reviews the results and discussion of all analysis completed at the end of this academic
year. A summary of the work is as follows:

Property

Particle Size
Distribution
Particle Morphology

Powder Composition
Powder Density
Absorptivity
Part Density

Surface Morphology
Part Composition
Microstructure

Mechanical Properties
Residual Stresses
Rheology

Testing Instrument
Beckman Coulter LS230
Morphologi G3
Morphologi G3
SEM
XRF
XPS
Tapped Density
Custom LLNL Instrument
Archimedes’ Density
MicroXCT200
SEM
XRF
XPS
Metallography
Instron
Rockwell Hardness
Thermal Bridge
Angle of Repose Device
Powder Spreader

Investigator
Nick Muetterties
Ann Mycroft
Ann Mycroft
David Otsu
David Otsu
Art Nelson
Thomas Lovejoy
Sheldon Wu
Nick Muetterties
John Sain
David Otsu
David Otsu
Art Nelson
David Otsu
Thomas Lovejoy
David Otsu
Thomas Lovejoy
Nick Muetterties
David Otsu

Samples Completed

All powder samples
Runs 1,3,5,7,9
Runs 1,3,5,7,9
Runs 1 and 9, Untouched 1
All powder samples
Runs 1,5,9
All Runs, Untouched 1
Runs 1,5,9
KlinoCubes 2-9
RadioKnobs 1,5,10
KlinoCubes 1,2,4,10
All KlinoCubes
RadioKnobs 1,5,9
KlinoCubes 1,4,10
All Tensile Bars
All Tensile Bars
All Bridges
All Runs, Oversized 1, 9
Untouched 1, Run 1, Oversized 3

POWDER
PARTS

5.1 Particle Size Distribution and Morphology

The powder particle size distribution was completed with two unique instruments, the Beckman
Coulter LS230 at Cal Poly and the Malvern Morphologi G3 at LLNL. Two devices were used in order
to verify results across testing techniques and also to check for differences in samples between
those tested at LLNL and those at Cal Poly. The results show little to no change in the particle size
or distribution shape between cycles, with the mean diameter ranging from about 33 to 35 microns.
Trends seen in the oversized powder included a decrease in sub-50 micron particles and an
increase in particles larger than 50 microns as cycles increase, with the largest particles reaching
sizes above 160 microns.

Beckman Coulter LS230

Figure 18 below shows the results of the Beckman Coulter LS230 for normal run powder. This
graph can be difficult to read so additional expanded graphs can be found in Figure # in Appendix #.
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Figure 18. Beckman Coulter LS230 particle size distribution for normal run powder across cycles. The distribution for all
runs appears nearly identical with only slight variation in the mean size or distribution shape.

As shown in Figure 18 the particle size distribution for the normal run powder does not change
significantly over cycles. However, the general trend is a decrease in the mean size and a slight shift
to the left for cycles 1-7 and then a sharp increase and shift to the right for cycles 8 and 9. This shift
for cycles 8 and 9 can likely be attributed to sampling error. Furthermore, a tail to the right of the
distribution exists for cycles 7 and 8 meaning that there was an increase in particles above 50
microns for those runs. These additional large particles did not get above about 65 microns,
however this result raises a concern about the sieving process for these two cycles; ideally, all
particles above 50 microns would be sieved out.
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The standard deviation of the distribution increases
steadily for runs 1-5, then jumps significantly
higher for run 7 and sharply decreases to run 9
with a standard deviation similar in magnitude to
run 1. This jump in cycles 7 and 8 are consistent
with the changes seen in the distribution shape in
Figure #, suggesting that some of the larger
particles failed to be removed by the sieve or
larger particles were introduced to the sample
before testing. Removing data from samples 7
and 9 create a very linear and increasing trend in
the standard deviation and could represent a
more accurate depiction of the trend in particle
size distribution.

Mean Diameter (µm)

35.5
35
34.5
34
33.5
33
32.5
0

5

10

Run Number
Figure 19. Mean particle diameter equivalent for cycles
1-9.

Mean Diameter Standard
Deviation (µm)

Figure 19 and Figure 20 to the right both help to
understand the particle size distribution, displaying
the mean diameter of particles and the standard
deviation of each run. The mean decreases until run
4 then increases to a maximum of above 35 microns
at run 8. For reference, the mean particle size of
virgin powder was about 32.45 microns. The
increase in mean particle size mirrors the results
found by Stondl, et al. in Characterization and Control
of Powder Properties for Additive Manufacturing
where they saw a slight increase in particle size for
SLM powders after reuse [12].

10.8
10.6
10.4
10.2
10
9.8
9.6
0

5

10

Run Number
Figure 20. Standard Deviation for cycles 1-9.
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Malvern Morphologi G3

The LLNL powder samples from runs 1, 3, 5, 7, and 9 were analyzed with the Malvern Morphologi
G3 instrument. The statistics for a variety of particle size and shape properties were reported for
each of these cycles (Table VII). In general, Run 1 showed significantly different values for CE
diameter mean, length mean, width mean, and circularity. Run 9 also shows differences in CE
diameter max, CE diameter STDV, elongation mean, and aspect ratio mean.
Table VII. Malvern Morphologi G3 Statistics

Property
Number of Particles Counted
CE Diameter Min (μm)
CE Diameter Max (μm)
CE Diameter Mean (μm)
CE Diameter D[n,0.1] (μm)
CE Diameter D[n,0.5] (μm)
CE Diameter D[n,0.9] (μm)
CE Diameter STDV (μm)
CE Diameter RSD (%)
Length Mean (μm)
Width Mean (μm)
Elongation Mean
Aspect Ratio Mean
Circularity Mean
Convexity Mean
Solidity Mean

Run 1
Run 3
Run 5
Run 7
Run 9
171332 100307 149877 124274 106059
1.5
1.5
1.5
1.5
1.5
100.92 116.47
111.2
110.5
86.9
23.55
26.75
26.18
27.68
26.61
10.16
13.9
15.35
14.25
15.37
23.26
26.4
25.48
27.53
25.97
36.5
39.52
37.27
40.46
38.12
10.36
10.04
8.67
10.45
8.9
43.97
37.52
33.11
37.74
33.46
26.37
29.88
29.02
31
28.84
22.48
25.58
25.08
26.44
25.98
0.139
0.132
0.121
0.138
0.093
0.861
0.868
0.879
0.862
0.907
0.937
0.949
0.946
0.943
0.965
0.971
0.98
0.972
0.976
0.987
0.981
0.982
0.985
0.981
0.987

Additionally, circular equivalent (CE) diameter, circularity, and convexity were distributed into
1000 bins by particle count and recorded (Figure 21).
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Figure 21. Malvern Morphologi G3 particle size distribution by number %.

In contrast with the Beckman results, a less consistent trend is depicted. In general, the particle
diameter peak increases slightly. The runs also appear to alternate in peak particle diameter across
cycles while decreasing in standard deviation. This alternating pattern is also seen in the circularity
(Figure 22) and convexity (Figure 23) graphs.
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Figure 22. Malvern Morphologi G3 circularity distribution by number %.

Figure 23. Malvern Morphologi G3 convexity distribution by number %.

Run 5 from both the circularity and convexity distributions showed a sharp increase in standard
deviation. This change does not appear to trend from the previous cycles or into the subsequent
cycles.
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The following statement by Ann is an attempt to explain any potential sources of error in the
analysis:
“As far as machine and test error on the particle size/shape analysis, the biggest
variation comes from the issue of representative sampling. Next to the expected
sampling errors, the instrument error can be negligible (e.g., instrument error<1%).
Because the instrument error is so minor in comparison, it often doesn’t even come
up in discussions for particle size/shape analysis (according to my Malvern
contacts).

Machine error primarily comes from three areas: dispersion, focusing positions, and
image analysis. To control for dispersion error, a low energy setting and a scan area
extending the entire range of the dispersion area was chosen. To control for
focusing position error, the same fixed focus height was chosen for each
measurement. The image analysis error is set by the magnification, which was 20x;
the magnification chosen based on an expected particle size range (for 20x the range
is 1.5-100μm).
I have not found any resources that calculate machine error directly. In fact when I
talked with my Malvern contacts, they said estimates were often used
for machine errors or machine errors were not considered since they are dwarfed
by sampling errors. Image analysis error was easiest to approximate given that the
Malvern Morphologi G3 has a sensor pixel size of 2.77μm, making the effective pixel
size for these measurements 0.1385μm. For dispersion error and focusing
position error, estimates were used in my provided error ‘’calculation.’

To better evaluate the amount of dispersion error present, measurements
under different pressures and applied times could be done. To better
estimate the effects of focusing position on error, multiple measurements at
different focusing heights would need to be performed. To better assess
image analysis error, 50x and 10x magnification measurements could be
performed to get a better sense of the error for the smaller and larger
particles’ characteristics respectively.
Again, total instrument error is typically less than 1%, while
sampling error ranges from 5% upwards (and can be quite high).
Sampling error includes the fundamental sampling error (FSE),
segregation error, analytical error, sampling technique error, etc.”

Based on Ann’s statement and the unexplainable and inconsistent pattern seen in the Malvern
results, there is reason to believe that sampling error has contributed significantly to the variance
of this analysis.
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Beckman and Malvern Instrumentation Comparison

The data from the Beckman and Malvern instrumentation was compared in an attempt to make
sense of the seemingly random trends seen in the latter instrument. The particle size distributions
from each cycle was plotted (Figure 24 to Figure 28).

Figure 24. Run 1 particle size distribution comparison.
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Figure 25. Run 3 particle size distribution comparison.

Figure 26. Run 5 particle size distribution comparison.
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Figure 27. Run 7 particle size distribution comparison.

Figure 28. Run 9 particle size distribution comparison.
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Runs 3 and 7 show obvious dissimilarities, in which the G3 machine reports a distribution that is
significantly skewed to the right when compared to the Beckman distribution. This manifests in the
G3 particle size distribution as an alternating pattern (Figure 21). This is sufficient evidence to
conclude that the Cal Poly powder samples and LLNL powder samples are significantly different.
For this reason, any results from each of these powder sample groups shall be considered
separately.

Scanning Electron Microscopy

Powder samples from Run 1 and 9 were analyzed with the CP scanning electron microscope in
order to gather qualitative particle size distribution and shape data. Images from both samples
showed very little evidence of any physical change (Figure 29 and Figure 30). This aligns well with
the results seen from the Malvern Morphologi G3 instrument, despite coming from a different
powder sample group.

Figure 29. Representative SEM image from CP Run 1 powder sample.
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Figure 30. Representative SEM image from CP Run 9 powder sample.
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5.2 Addendum – Oversized Powder Samples
Beckman Coulter LS230 Particle Size Analyzer

Figure 31 below shows the results of the Oversized powder particle size analysis. Unfortunately,
this graph can be difficult to read. The distribution starts as a rough bimodal distribution with one
mode below 50 microns which follows closely with the distribution of normal run powder, and the
other mode above 50 microns with particles getting as large as 160 microns. Cycle 2 has an
increase in the size of the first mode, however, each subsequent cycle has a decrease in the first
mode size until the distribution looks more unimodal like in runs 5-7 (run 9 returns to a more
bimodal distribution). The amount of particles below 50 microns suggests that a considerable
amount of “good” or desired powder gets sieved out between cycles and the distribution of these
particles is dependent on the sieving process.

Figure 31. Beckman Coulter particle size distribution of oversized powder samples 1-9. The distribution starts as bimodal
with the separation occurring around 50 microns then over cycles becomes more unimodal.

Scanning Electron Microscopy

The size and shape of the Oversized particles from Run 1 and 9 were analyzed with the CP SEM.
Both samples exhibited very similar particle morphologies. The samples were dominated with
clusters consisting of 5 to 13 spherical particles roughly the same size as those found in the Run
powder samples (Figure 32). Most of these clusters had no signs of partial melting and coalescence,
evident by the lack of oblong or elliptical shapes with partial or complete necking. Dispersed among
the clusters were larger particles averaging 100um in diameter. These particles accounted for 10%
of the contiguous particles seen in the SEM. Lastly, extremely large “super” particles >150um
accounted for less than 1% of the contiguous particles observed by the SEM (Figure 33). Many of
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these super particles had partially melted originally-sized particles attached to its surfaces. Overall,
there was no significant difference between the two Oversized powder samples.

Figure 32. Clusters and large particles from Oversized Run 9 powder sample.
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Figure 33. Clusters, large particles, and super particle from Oversized Run 9 powder sample.

It is hypothesized that each type of Oversized particle forms under a different set of conditions. The
clusters are likely the result of partial sintering at temperatures below the melting point of the
alloy. This may occur in areas bordering the laser track, where heat input is high enough to reach
sintering temperatures but not enough to partially or completely melt the particles. It may be the
case that once a single particle reaches the sufficient temperature, its surrounding neighbor
particles adhere to it, resulting in a rapid diffusion of heat into the now larger thermal mass,
preventing the agglomeration of more particles. This is supported by the lack of long chains in the
analysis; most particles within each cluster were no more than 2 particles away from its furthest
counterpart.

The large (~100um) diameter particles are hypothesized to be the result of partial or complete
melting of material that failed to fuse with the main part structure. This is made evident by the
spherical or oblong shape of these particles, some of which showing evidence of smaller engulfed
particles protruding from the surface. This phenomena would take place in areas immediately
surrounding or within the edge laser track.

The lack of particles between the size of the large particles and the super particles indicates that the
latter has different formation mechanism. One hypothesis is that the particles come from ejected
liquid metal from the melt pool known as spatter. This would have to be an extreme case of this
phenomena, as the excessive size of the super particles would necessitate a very large amount of
ejected material from the melt pool. For this reason, the presence of these particles may be an
indication of improperly set processing parameters, resulting in excessive recoil forces and
keyholing.
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5.3 Tapped Density
The measured tapped density for each powder is Figure 34. ‘Bulk’ density refers to the measured
density when the powder sample was first placed in the graduated cylinder and ‘tested’ refers to
the density measured after the sample was tapped.

Contrary to expectation, the tested density was lower than the bulk density. The modified tapped
density instrument resulted in an aerated density rather than a tapped density.

Figure 34. Tested and Bulk density for powder over cycles.

As mentioned, the results for tested density were inverted from what the test was designed to
achieve. This is likely due to a lack of impact force in the modified instrument. Even so, neither the
bulk nor the tested density exhibited a discernable trend. This is expected as there were minimal
changes in particle size distribution and particle morphology.
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5.4 Powder Absorptivity
Custom LLNL Powder Absorptivity Instrument

Two LLNL powder samples from Run 1, 5, and 9 were analyzed with the custom LLNL powder
absorptivity instrument. Each sample was heated to ~450°C and subsequently cooled. The first
two cycles were conducted at a laser intensity of 8.7 W/cm2 and the third was conducted at 13.5
W/cm2. To better visualize the data, the absorptivity measurements were then plotted against
temperature (Figure 35 to Figure 37).

All three runs returned absorptivity values between 0.65 and 0.70. At low intensity (8.7 W/cm2),
there is a noticeable fluctuation in Run 5 above 350°C, and again in Run 9 above 300°C. The
following hypotheses have been proposed:

1. The fluctuations can be attributed to noise. It would make sense that the lower intensity
readings be more susceptible to random thermal fluctuations and unaccounted for variation
during the analysis. However, this does not explain why Run 1 does not exhibit this
behavior.
2. A noticeable portion of all of the Run powder samples exhibit dark gray coloration similar to
that of the Oversized samples. Qualitative visual inspection of the powder samples indicates
that there is an increase in dark gray coloration across cycles. Additionally, there was
evidence of powder movement in the video recordings of the absorptivity analysis. Thus,
the fluctuations can be attributed to powder movement and settling due to the thermal
expansion experienced during the heating cycle in conjunction with changes to powder
coloration across cycles. As the proportion of dark gray particles increases, the fluctuations
increase as well.

Figure 35. Run 1 powder absorptivity measurements.
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Figure 36. Run 5 powder absorptivity measurements.

Figure 37. Run 9 powder absorptivity measurements.
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5.5 Compositional Analysis
X-Ray Fluorescence

All run and oversized powder samples were analyzed with the CP x-ray fluorescence gun for % wt
elemental compositions. Both the run powder group and oversized powder group showed no
significant trend across cycles (Table VIII and Table IX).
Sample
RUN1
RUN3

Co

RUN7
RUN9

UNTOUCHED1

Fe

Mn

Mo

Ni

Ti

V

62.29

9.26

0.1

6.61

0.09 0.04

0.28

20.51 0.04

62.28

9.25

0.11

6.49

0.04 0.04

9.38

0.1

0.24

RUN8

Cu

20.38 0.04

0.23

RUN5

Cr

0.27
0.29

RUN4

Sample

Table VIII. XRF compositions from run powder samples

0.26
0.23
0.24

20.65 0.03
20.55 0.03
20.47 0.03
20.43 0.02
20.63 0.03
20.58 0.03

62.12
62.36
62.34
62.2

61.98
62.24

9.18
9.25
9.27
9.38

0.1
0.1
0.1
0.1

9.3

0.1

6.61

0.04 0.02

6.45

0.04 0.03

6.5

0.08 0.03

6.55

0.04 0.04

6.52

0

6.45

0

0.07 0.02

Table IX. XRF compositions from oversized powder samples
Co
Cr
Cu
Fe
Mn
Mo
Nb
Ni
Ti

V

W

0

0

OVERSIZED1

0.32 20.57 0.07

62.03

9.26

0.12 0.01

6.54

0.12

OVERSIZED4

0.28 20.45 0.06

62.03

9.4

0.13

6.54

0.03 0.06

OVERSIZED2
OVERSIZED3
OVERSIZED5
OVERSIZED6
OVERSIZED7
OVERSIZED8
OVERSIZED9

0.3

20.48 0.06

0.21

20.4

0.21 20.53 0.03
0.05

0.26 20.39 0.04
0.22 20.52 0.08
0.27 20.47 0.06
0.26 20.55 0.06

62.12
62.14

9.28
9.3

62.21

9.23

61.97

9.45

62.22
62.19
62.01

9.34
9.27
9.49

0.12 0.01
0.13

0
0

0.12 0.01
0.12 0.01
0.13 0.01
0.14 0.01
0.12 0.01

6.6

6.57
6.6

6.51
6.52
6.51
6.36

0.04 0.03 0.01
0.04 0.03

0
0

0.11 0.05 0.03
0.1

0.02

0.08

0

0.04 0.03

0
0

0.06 0.03 0.02
0.02

The compositions from the run powder samples were compared with the oversized powder
samples for statistically significant differences in composition. Because no significant difference
was exhibited across cycles, the results from the run and oversized samples were grouped together
during analysis.
With 95% confidence, the following conclusions were drawn from this analysis:
1. There is a 0.02% increase in Cu in the oversized group
2. There is a 0.02% increase in Mo in the oversized group

Neither of these changes are great enough in magnitude to warrant further investigation.
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In addition to the powder samples, the flat face opposite to the semi-circle extrusion on all
KlinoCubes was analyzed with XRF. As with the powder samples, the KlinoCubes exhibited no
significant trend across cycles (Table X).
Sample

Co

Table X. XRF compositions from KlinoCubes

Cr

Cu

Fe

Mn

Mo

Ni

Ti

V

1

0.23 20.83 0.33 61.59 9.53 0.09 6.31 0.04 0.04

4

0.19 20.81

2
3
5
6
7
8
9

10

0.19 20.73 0.17

61.7

9.6

0.1

6.39 0.04 0.03

61.75 9.53

0.1

6.3

0.04 0.03

6.3

0.05 0.04

0.21 20.75 0.21 61.85
0.19 20.83

0.2
0.2

9.4

61.75 9.56

0.19 20.75 0.23 61.74 9.61
0.22 20.81 0.22 61.57 9.63

0.1
0.1
0.1
0.1

0.26 20.75 0.18 61.59 9.69 0.09
0.22 20.68 0.31 61.54 9.73
0.18 20.61 0.32 61.61 9.76

0.1
0.1

6.42 0.03 0.03
6.29 0.06 0.03
6.28

0

0.03

6.33 0.04 0.03
6.33 0.05

0

6.29 0.04 0.04

The compositions from the run powder samples were compared with the KlinoCube samples for
statistically significant differences in composition. Because no significant difference was exhibited
across cycles, the results from the run and oversized samples were grouped together during
analysis.
With 95% confidence, the following conclusions were drawn from this analysis:
1. There was a +0.20% increase in Cu in the KlinoCube group
2. There was a -0.04% decrease in Co in the KlinoCube group

The change in copper was likely a byproduct of the wire EDM process, in which a copper electrode
was utilized to remove the KlinoCubes from the build plates. The mechanism behind the change in
cobalt remains unknown - it may simply be machine error, as the powder samples are significantly
different in physical shape when compared to the solid KlinoCube part surfaces.

X-ray photoelectron spectroscopy

LLNL powder samples from runs 1, 5, and 9 were analyzed by Art Nelson with x-ray photoelectron
spectroscopy to determine surface compositions (Table XI). Mn, Fe, and O appear to decrease vs
cycles, while C increases.
Table XI. XPS surface compositions from run powder samples
Powder
Mn
Cr
Ni
Fe
C
O
Run 1
12.47
0.96
1.81
3.65
30.94
50.17
Run 5
12.03
1.55
1.14
2.90
36.42
45.96
Run 9
10.72
0.50
1.53
1.99
44.48
40.78
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The RadioKnobs from runs 1, 5, and 10 were also analyzed with x-ray photoelectron spectroscopy
(Table XII). Cu and C show a decrease across cycles while Mn and O increase.
Table XII. XPS surface compositions from RadioKnobs
RadioKnob Mn
Cr
Ni
Fe
Cu
C

Run 1
Run 5

Run 10

11.34 3.84 1.38

8.11

7.95 25.68 41.70

14.77 7.28 1.48 13.24 4.85
17.41 5.77 1.42

9.51

O

5.85

9.11
8.09

49.27
51.96

When comparing the run samples to the RadioKnobs, it appears that Mn, O, and C have an inverse
relationship across cycles. This suggests that sometime during fabrication process, Mn and O
preferentially leave the powder surfaces for the RadioKnob surfaces, and C preferentially leaves the
RadioKnob surfaces for the powder surfaces. The mechanism behind this phenomena remains
unknown, but may be related to preferential vaporization of certain, lower melting temperature
compounds and elements.

Additionally, there are significant amounts of Cu on all tested RadioKnob surfaces that is not seen in
the powder samples. This is further evidence that the copper electrode used in the wire EDM
process causes an increase in Cu content on removed parts.
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5.6 Part Density
Archimedes’ Density
Part density was measured with the Archimedes’ Density method. Results from this test were
inconclusive and should be disregarded due to the significant error exhibited by the measuring
technique. Figure 38 shows the values of the calculated density. The difference in the maximum
and minimum values calculated is almost 50% of the nominal value of the average density
calculated and therefore these results show no useful information for the scope of this project as
expected changes in density would be considerably smaller.
9500
9000

Density (kg/m^3)

8500
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7500
7000
6500
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5500
5000
0
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Cycle
Figure 38. Calculated Archimedes' Density results for KlinoCubes
2-10

CT Scan
The MATLAB script allowed for a more quantitative analysis of the CT scan videos. Figure 39 shows
a visualization of the internal porosity from Run 5. It can be seen that there is a lot of 'noise’ near
the ends.
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Figure 39. MATLAB visualization of of CT scan video for Run 5.

The porosity by each frame for runs 1, 5, and 10 were plotted, and are shown in Figure 40, Figure
41, and Figure 42, respectively.

Figure 40. Porosity vs. frame for Run 1.
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Figure 41. Porosity vs. frame for Run 5.

Figure 42. Porosity vs. frame for Run 10..

For runs 1 and 5 there is an abnormal amount of porosity at the ends. For this reason the center
portions of these videos were used for calculations of internal porosity. Figure 43 shows the
modified version of the visualization of Run 5.
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Figure 43. Modified internal porosity visualization for Run 5.

This process was repeated for the Run 1 video and the approximate internal porosity values are
compiled in Table XIII.
Table XIII. Approximate Percent Porosity for Runs 1, 5, and 10.
Approximate Percent
Porosity
Run 01
0.054%
Run 05
0.054%
Run 10
0.044%

As seen in Table XIII, there is no trend in internal porosity.

Figure 44 shows the MATLAB visualization with the LLNL visualization – both exhibiting a grid
pattern of porosity.
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Figure 44. LLNL and MATLAB internal porosity visualization.

The repetitive porosity pattern in Run 10, seen in Figure 42, likely reflects an improper process
parameter setting which corresponds to the grid pattern seen in Figure 44. This grid results from
the scan pattern as it changes location from layer to layer.
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5.7 Surface Morphology
Scanning Electron Microscopy

The surface opposite of the circular extrusion on the KlinoCubes from Run 1, 4, and 10 were
examined with the CP scanning electron microscope (Figure 45 to Figure 47). The direction of the
XY scanning plane was made apparent by the faint lines that run parallel to it. This became more
apparent as cycle number increased. Small cracks preferentially oriented in the XY direction were
seen situated between print layers on all 3 cubes (Figure 48). These appear to be more common in
later runs.
The surface morphology of the top surface (looking down on the XY plane) showed no significant
difference across cycles (Figure 49).
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Figure 45. Surface morphology of Run1 KlinoCube side with XY plane angled 45° above scale-bar line.

Figure 46. Surface morphology of Run 4 KlinoCube with XY plane perpendicular to scale-bar line.
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Figure 47. Surface morphology of Run 10 KlinoCube with XY plane perpendicular to scale-bar line.

Figure 48. Cracks seen in Run 2 KlinoCube with XY plane parallel to scale-bar line.
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Figure 49. Surface morphology of top surface of Run 4 KlinoCube. Removed extrusion depicted in lower-left corner of image.

Figure 50. Close up surface morphology of top surface near semi-circle extrusion of Run 4 KlinoCube.
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There is no obvious explanation for these observed trends. Since the particle size distribution of the
powder samples failed to change significantly, the mechanism behind this change is more likely to
be related to the compositional changes seen in the XRF/XPS analysis, assuming all else is held
constant.

5.8 Mechanical Properties

Rockwell Hardness Tester

All 20 tensile bars were analyzed on the Rockwell Hardness Tester for hardness measurements. It
was found that all hardness values followed a Weibull distribution. No efforts were made to
normalize the data.

5.8.1.1 As-Fabricated Bars

3 hardness measurements on the HRA scale were made from four surfaces designated faces 1-4 on
the as-fabricated tensile bars, resulting in 12 values from each cycle for a total of 120
measurements. Faces 1 and 2 were located the wide grip-end portions of the bar and were not
surface finished in order to expedite analysis. Faces 3 and 4 refer to the narrow grip-end portions of
the bar that were made during the sectioning operation of the wire-EDM (Figure 51).

Figure 51. Tensile bar face numbers.
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The data was analyzed for statistical significance:

General Linear Model: Hardness versus Cycle, Face
Factor
Cycle

Type
fixed

Levels Values
10 Run 1, Run 10, Run 2, Run 3, Run 4, Run 5, Run 6, Run 7,
Run 8, Run 9
Face
fixed
4 1, 2, 3, 4
Analysis of Variance for Hardness, using Adjusted SS for Tests
Source
DF
Seq SS
Adj SS Adj MS
F
P
Cycle
9
25.015
25.015
2.779 0.48 0.884
Face
3
61.607
61.607 20.536 3.56 0.017
Error
107 616.693 616.693
5.763
Total
119 703.315
S = 2.40073
R-Sq = 12.32%
R-Sq(adj) = 2.48%

Based on these results, the following conclusions were made:
1. With (p>0.05), the analysis fails to conclude with 95% confidence that there is a statistically
significant difference in mean hardness between cycles.
2. With (p<0.05), the analysis concludes with 95% confidence that there is a statistically
significant difference in mean hardness between faces.
The analysis was continued with tukey pairwise comparisons:
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Raw Minitab Output
One-way ANOVA: Hardness versus Face

Source
DF
SS
MS F
P
Face
3
61.61 20.54 3.71 0.014
Error
116 641.71
5.53
Total
119 703.31
S = 2.352
R-Sq = 8.76%
R-Sq(adj) = 6.40%
Individual 95% CIs For Mean Based on
Pooled StDev
Level
N
Mean StDev ----+---------+---------+---------+----1
30 59.983 2.481
(--------*-------)
2
30 59.497 2.286 (--------*-------)
3
30 60.957 2.541
(--------*-------)
4
30 61.270 2.072
(--------*-------)
----+---------+---------+---------+----59.0
60.0
61.0
62.0
Pooled StDev = 2.352
Grouping Information Using Tukey Method
Face
N
Mean Grouping
4
30 61.270 A
3
30 60.957 A B
1
30 59.983 A B
2
30 59.497
B

The analysis concludes that Face 4 has a statistically significant higher mean hardness value than
Face 2 at 95% confidence. In practical terms, this can be explained by the different surface finishes
exhibited on Face 1 and 2 vs 3 and 4. It may also be the case that the edge porosity seen in the CT
scans manifest in a lower hardness value.
5.8.1.2 Heat Treated Bars
Due to time constraints, only Face 1 and 2 were tested for hardness.
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General Linear Model: Hardness versus Cycle, Face
Factor
Cycle

Type
fixed

Levels
10

Face

fixed

2

Values
Run 10A, Run 1A, Run 2A, Run 3A, Run 4A, Run 5A, Run 6A,
Run 7A, Run 8A, Run 9A
1, 2

Analysis of Variance for Hardness, using Adjusted SS for Tests
Source
Cycle
Face
Cycle*Face
Error
Total

DF
9
1
9
40
59

S = 2.67120

Seq SS
65.830
34.201
94.277
285.413
479.722

Adj SS
65.830
34.201
94.277
285.413

R-Sq = 40.50%

Adj MS
7.314
34.201
10.475
7.135

F
1.03
4.79
1.47

P
0.437
0.034
0.193

R-Sq(adj) = 12.24%

Unusual Observations for Hardness
Obs
14
15
25
55
56

Hardness
51.7000
61.9000
49.9000
46.6000
60.4000

Fit
56.9000
56.9000
55.8333
54.4667
54.4667

SE Fit
1.5422
1.5422
1.5422
1.5422
1.5422

Residual
-5.2000
5.0000
-5.9333
-7.8667
5.9333

St Resid
-2.38
2.29
-2.72
-3.61
2.72

R
R
R
R
R

R denotes an observation with a large standardized residual.

Based on these results, the following conclusions were made:
1. With (p>0.05), the analysis fails to conclude with 95% confidence that there is a statistically
significant difference in mean hardness between cycles.
2. With (p<0.05), the analysis concludes with 95% confidence that there is a statistically
significant difference in mean hardness between faces.
This is interesting, as there is no obvious difference in Face 1 and 2 on the tensile bars. Regardless,
the magnitude of the difference is largely insignificant.
5.8.1.3 Comparing Heat-treated vs As-fabricated bars
Since there was insignificant evidence to conclude that cycle had an effect on hardness, the
hardness data was grouped into two levels of heat treatment status (no heat treatment vs heat
treatment) and face (1 and 2) and checked for statistical significance.
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General Linear Model: Hardness versus Heat Treatment, Face
Factor
Heat Treatment
Face

Type
fixed
random

Levels
2
2

Values
No, Yes
1, 2

Analysis of Variance for Hardness, using Adjusted SS for Tests
Source
Heat Treatment
Face
Heat Treatment*Face
Error
Total
S = 2.58579

DF
1
1
1
116
119

Seq SS
11.470
7.854
29.900
775.612
824.836

R-Sq = 5.97%

Adj SS
11.470
7.854
29.900
775.612

Adj MS
11.470
7.854
29.900
6.686

F
0.38
0.26
4.47

P
0.647
0.698
0.037

R-Sq(adj) = 3.54%

Unusual Observations for Hardness
Obs
22
31
43
74
85
115

Hardness
52.2000
54.0000
53.9000
51.7000
49.9000
46.6000

Fit
59.4967
59.9833
59.9833
58.3667
58.3667
58.3667

SE Fit
0.4721
0.4721
0.4721
0.4721
0.4721
0.4721

Residual
-7.2967
-5.9833
-6.0833
-6.6667
-8.4667
-11.7667

St Resid
-2.87
-2.35
-2.39
-2.62
-3.33
-4.63

R
R
R
R
R
R

R denotes an observation with a large standardized residual.

Based on these results, the following conclusions were made:
1. With (p>0.05), the analysis fails to conclude with 95% confidence that there is a statistically
significant difference in mean hardness between heat treatments
2. With (p>0.05), the analysis fails to conclude with 95% confidence that there is a statistically
significant difference in mean hardness between faces.
3. With (p<0.05), the analysis concludes with 95% confidence that there is a statistically
significant interaction effect between heat treatment and face.

The 3rd conclusion is simply an artifact of the significant effect of face number in the heat treated
tensile bar data (5.8.1.2). Thus, the heat treatment appears to have no effect on the hardness of the
tensile bars. This may be evidence that the residual stresses fail to manifest on the surface of the
part and cannot be observed with hardness measurements.

77

Instron Hydraulic Loadframe

The tensile test allowed for the calculation of percent elongation, ultimate strength, and modulus of
elasticity. The results for each bar as well as their dimensions can be seen in Table XIV, where bars
A were annealed and bars B were as fabricated. It should be noted that specimens 1A, 2A, 4A, and
7A fractured outside the gage length area, making their data outside of ASTM specification. Average
values with and without their inclusion can be seen in Table XV. The results for ultimate strength,
elastic modulus, and percent elongation can be seen in Figure 52, Figure 53, and Figure 54
respectively.
Table XIV. Tensile specimen dimensions and results

Run Bar Min Width (in) Thickness (in) Area (in^2) Gage (in) Fail Gage (in) % Elong E (Msi) Ultimate (ksi)
A
0.269
0.200
0.05380
1.033
1.117
8.1
27.13
99.5
1
B
0.245
0.193
0.04729
1.120
1.427
27.4
26.52
130.0
A
0.269
0.200
0.05380
1.005
1.130
12.4
28.17
108.0
2
B
0.25
0.194
0.04850
1.173
1.559
32.9
24.95
128.2
A
0.269
0.199
0.05353
1.005
1.370
36.3
27.19
120.2
3
B
0.241
0.200
0.04820
1.055
1.324
25.5
25.65
126.1
A
0.269
0.200
0.05380
1.048
1.264
20.6
27.37
113.9
4
B
0.244
0.196
0.04782
1.171
1.428
21.9
23.35
124.0
A
0.269
0.200
0.05380
1.050
1.380
31.4
27.08
116.3
5
B
0.246
0.193
0.04748
1.159
1.471
26.9
21.32
124.1
A
0.269
0.200
0.05380
1.044
1.487
42.4
29.41
117.3
6
B
0.244
0.193
0.04709
1.110
1.406
26.7
21.50
117.3
A
0.269
0.200
0.05380
1.064
1.459
37.1
27.14
119.3
7
B
0.247
0.194
0.04792
1.264
1.532
21.2
23.35
125.8
A
0.269
0.200
0.05380
1.038
1.266
22.0
27.45
113.4
8
B
0.252
0.192
0.04838
1.071
1.337
24.8
24.04
125.1
A
0.269
0.201
0.05407
1.046
1.315
25.7
26.90
114.4
9
B
0.252
0.194
0.04889
1.191
1.475
23.8
21.89
124.7
A
0.268
0.202
0.05414
1.017
1.282
26.1
26.66
115.0
10
B
0.245
0.194
0.04753
1.055
1.311
24.3
22.18
125.6
Table XV. Mechanical properties with and without the inclusion of specimens 1A, 2A, 4A and 7A.

Averaged Property All Specimens ASTM Spec Only
% Elongation
25.89
27.5
E (Msi)
25.46
24.96
Ultimate A (ksi)
113.73
116.11
Ultimate B (ksi)
125.09
125.09
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Figure 52. Ultimate strength in ksi over cycles.

Figure 53. Elastic Modulus of the tensile specimens over cycles
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Figure 54. Percent elongation at fail for tensile specimens over cycles.

As is expected of an annealed microstructure, the heat treated tensile bars consistently tested at a
lower tensile strength than the as-fabricated bars – shown in Figure 52. Both bars showed
inconclusive trends in strength across cycles. Tensile Bars 1A, 2A, 4A, and 7A failed earlier than the
rest and outside of gage. As a result the data derived from these tests is unreliable. These bars also
exhibited a propagating series of cracks on the sides of the specimen near the failure surface –
shown in Figure 55.

Figure 55. Propgating cracks on the side of tensile specimen 2A.

The tensile specimens that were not heat treated seemed to indicate a slight decrease in ultimate
strength in the early cycles, but it is difficult to confirm this trend without reliable data from the
heat treated specimens.
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The elastic modulus data fluctuated around 25.4 Msi, as shown in Figure 53. The source of these
fluctuations, which are more substantial in the untreated specimen than the annealed specimen, is
unknown. One potential source of error is electrical noise interfering with the extensometer and
load cell – both of which were assumed to be accurate.
Figure 56 shows an overlay of the yield portion of the stress-strain curves for the heat treated
specimens from the first, fifth, and tenth cycles. The three tests are nearly identical, further
enforcing that recycling with sieving has little effect on mechanical properties.

Figure 56. Overlay of stress-strain curves for annealed tensile specimens 1A, 5A, and 10A.

Tensile Bar Fracture Surfaces

The fracture surfaces from the non-heat treated run 1 and 10 tensile bars were analyzed with the
SEM. Both runs exhibited ductile rupture and cup-cone shearing behavior consistent with the
stress-strain curves (Figure 57 to Figure 60). Of interest are the slit-like pores that run parallel with
the XY printing plane and the patterned circular pores that dot the sheared surfaces. The regularity
and alignment of these pores suggest they are manifestations of improperly tuned machine
parameters that have resulted in incomplete inter-layer coalescence. However, there appears to be
a greater number of slit pores in run 10 (Figure 59). This could mean that there are changes
occurring within the powder that are further exacerbating imperfect processing conditions in the
build chamber.
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In addition to the porosity, Run 9 exhibited a wavy skin-effect that appears to detach from the
underlying bulk material during fracture (Figure 61). Particles were found trapped between the
skin and the bulk. The depth of the post-fabrication machining conducted to clean up the tensile bar
surfaces exceeded the length of the predicted incoherent mono-particle layer. Thus, these particles
are predicted to have been trapped and unmelted during the fabrication process. The mechanism
behind the skin effect remains unknown.
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Figure 57. Fracture surface from Run 1 as-fabricated tensile bar. Red arrow denotes direction of printing. a) Patterned
circular pores. b) Slit-like pores. c) Shear surface. d) Ductile ruptured surface.
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Figure 58. Reverse fracture surface from Run 1 as-fabricated tensile bar. Red arrow denotes print direction. a) Patterned
circular pores.
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Figure 59. Fracture surface from Run 10 as-fabricated tensile bar. a) Large cone-shaped pore. b) Slit-like pores.
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Figure 60. Reverse fracture surface of Run 10 as-fabricated tensile bar. a) Location of skin-effect (Figure 61).
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Figure 61. Skin-effect seen in the as-fabricated Run 10 tensile bar fracture surface.
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5.9 Residual Stresses
Using a Starrett HB400 Optical Comparator, precise angle measurements were made for the
deflections of each sectioned bridge - tabulated in Table XVI and visualized in Figure 62.
Table XVI. Angle of deflection for each run.

Run Angle (Degrees)
1
0.570
2
0.918
3
1.052
4
0.962
5
0.577
6
1.339
7
1.515
8
0.877
9
0.626
10
0.844

Figure 62. Angle of deflection for each bridge.

The fact that the bridge consistently deflected when sectioned from the build plate confirms that
the SLM process produces thermal stresses, however there is little evidence that they change much
in magnitude.
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5.10 Custom Angle of Repose Instrument
As Constructed Design

The custom angle of repose instrument was constructed of the materials found in Table XVII. The
final product deviated only slightly from the final design in that the coupling and platform were
machined from the same material as the plastic bushing, not 3D printed ABS plastic as designed. All
of the machining was completed in Cal Poly’s two machine shops on the large lathes. Additionally,
the size of the platform was increased from 0.5 inches in diameter to 0.6 inches in diameter due to
concerns that the platform would break during machining if the diameter went below 0.6 inches.
The surface of the platform was not covered with a paper disc but rather the surface was sanded
down with 1000 grit sandpaper and made as flat as possible though ultimately not perfectly flat.
Similarly, the borosilicate glass tube was cut and sanded to about 4 inches in length. The tube was
then glued to the coupling using Gorilla Glue.
Table XVII. Custom angle of repose material list
Item
Quantity

Glass Tubing

1

Glass Tubing

1

Coning Pyrex Clear Borosilicate Glass Tubing
10 mm (.39in) O.D. x 1mm wall x 5 feet (9 Pack)
Corning Pyrex Clear Borosilicate Glass Tubing
11 mm O.D. x 1 mm wall x 4 feet (6 pack)

Support Stand Base

base size 4in x 6in - Heavy Duty
Cast Iron
12985-068

Support Rod

1/2" x 18" Stainless Steel
89075-688

VWR fixed position Benchclamp
2 prong size Medium
21573-266

VWR Talon regular clamp holder
jaw capacity 0-.71 inches
21572-501

VWR Clamp 2-prong

single adjustment size medium
jaw capacity 0-78mm
Z556718-1EA

Plastic Bushing

igus iglide R bar stock
60mm diam. X 200 mm length

Tubular High Speed Linear Actuator
PA-15-3-11 HIGH SPEED ACTUATOR
3 in stroke, 11lb. force, 9 in/s

Toggle Reversing Switch
30 Amp Maintained Contacts,
Model# SWT-TOG-4W

1
1
2
2
2
1
1
1
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Calibration

Calibration of the device with granulated sugar showed that the measured angle of repose of the
powder was smaller than accepted values. The measured angle for sugar varied from
approximately 21° to 31° with an average value of 27°; compared to the accepted value of 39°, the
angle is about 10° lower than accepted. Several factors could influence this difference, particularly
the sugar itself. The test was run with old sugar from a pantry that has been open for at least one
year prior to testing. Humidity may have caused the particles to melt together and form larger
particles, leading to better flowability and a smaller angle of repose. Along with this, the size of the
sugar particles visually appear significantly larger than other powders tested, suggesting that the
device is not suitable for larger sized particles. Regardless, the calibration test suggests that the
actual angle of repose will be slightly larger than the measured value – at most 10° larger.

Results

Results of tests with Nitronic 40 powder can be seen below in Figure 63. The general trend was a
sharp decrease of angle of repose immediately after its first use in the SLM machine followed by an
increase and eventual steady decline of angle. Runs 1 and 3 both seem oddly low compared to the
other results; the single highest angles are shown in a medium gray color on the figure. Even with
the largest angles displayed, both runs have angles smaller than the other runs. Furthermore, the
variability in trials for these runs were significantly larger than the variability of the other runs.
Currently, no explanation exists for this unexpected behavior; further tests should be run to reduce
statistical error.

Figure 63. Angle of Repose results from the custom built instrument.
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The overall results are somewhat consistent with those by Strondl, et al. as well as those from Tang,
et al [12] [2]. Both studies show an increase in flowability of reused powder compared to virgin
powder as well as a continued improvement through cycles. These conclusions are mirrored by the
results of this test with all run powder having a lower angle of repose than virgin (Untouched)
powder and a decreasing angle of repose (for runs 5-9). In addition, according to the scale found in
Table VI, runs 1 & 3 score ‘Excellent’ in terms of flowability, whereas the rest of the samples score
‘Good’. When adjusting the scores based on results from the calibration tests, the scores change
and hereafter range from ‘Good’ to ‘Passable’.
Two conclusions can be drawn from these results as well as observations from handling the
powder. The first is that the larger, darker powders that have been affected by the SLM process
flow better than virgin powder. This is shown not only by the two oversized samples displaying a
smaller angle of repose than the untouched powder but also in handling the powder. In the glass
containers, for all run powders, was a mix of mostly light grey powder as well as some amount of a
dark grey powder. The oversized containers were an inverse mix of the powder, with mostly dark
grey powder. Based on this, it could be said that the light grey powder is representative of virgin
powder and the dark grey powder is more similar to the oversized powder. If the flowability of the
powders were the same, mixing the powder would result in an irreversible homogenization of the
powder. However, after mixing some of the sample powders well, after some time, streaks of the
opposite color powder became visible, suggesting that the different powders separate during nonmixing movement. This was further verified during testing with the Beckman Coulter LS230
Particle Size Analyzer. The device uses a vibrating slide function to evenly pour powder into its
entry. While the powder was on this slide, darker powder moves noticeably faster than light
powder.

The second conclusion is that the flowability of the powder increases with number of recycles. It
follows that as number of recycles increases, the ratio of dark to light powder in normal run powder
will increase (assuming that a constant amount of dark powder is produced each run). From this,
the overall sample of powder will have better flowability, therefore, the later cycles have better
flowability. This conclusion is also shown in the results above as later cycles have smaller angles of
repose.

5.11 Addendum – Microstructural Analysis
The following section contains various images from the metallographic analysis. There were no
significant changes to the microstructures between the cycles observed. Many pores with
microstructures that hinted towards incomplete coalescence were found across all cycles. (Many
images are omitted in this document. Please contact David Otsu for the complete set).

Kalling’s Etch

Kalling’s etch proved to be less effective at revealing the microstructure of the 21-6-9 KlinoCube
extrusions. Etching below 20 seconds failed to darken features of interest, and etching above 20
seconds resulted in clarity reduction in the underlying substructure.
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Figure 64. Cycle 10 Square extrusion. Large pore with incoherent spherical particle. Waterless Kalling's.

Electrolytic Oxalic Etch

Figure 65. 200x magnification of the square extrusion from the Run 1 KlinoCube.
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Figure 66. 100x magnifiication of the triangle extrusion from the Run 1 KlinoCube. Depicted are incompletely coalesced weld
layers predicted to result in the slit-like pores seen in the tensile bar fracture surfaces.

5.12 Powder Spreader Proof of Concept
The following components were utilized for the powder spreader instrument (Figure 67):
Component
Base Product
Powder Tray
Milled 6061 Al block
Spreader
Steel Spackle Knife
Lighting
R20WHT-F-0160 (3.3V, 22 mA)
Enclosure
Cardboard Box w/ Black Interior
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Figure 67. Components used for powder spreader instrument.

The following images were procured with this instrument (Figure 68):

Figure 68. From left to right: Run 1 powder sample, Oversized 1 powder sample, and non-AM metallic powder sample.

The instrument was unable to make out features in the run or oversized powder, rendering it
ineffective for the scope of this project. (Note: This concept is being spearheaded with better
resources and design practices by Thomas Pluschkell at LLNL. For this reason, it is recommended
that work towards this concept at CP be suspended until further notice).
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6 CONCLUSIONS
In conclusion, there were no significant changes to the physical powder properties across cycles.
The surface composition of the powder changed significantly, showing consistent trends for various
elements. Conversely, the bulk composition of the powder remained stable. The tapped density
analysis method had inconclusive results. Absorptivity showed a significant change to variance at
low wattages and high temperatures. Angle of repose measurements with the custom instrument
had consistent readings after the decrease seen in the first few cycles.

Of the part properties, surface morphology and surface composition showed significant trends
across build cycles. Cycles had no apparent effect on hardness and residual stress. Tensile
properties became stable after the first few cycles.

6.1 Recommendations

Powder Sampling Techniques

Based on the Beckman and Malvern instrument results, there is strong evidence that the CP powder
sample differ significantly from the LLNL powder samples. The consistency of the Beckman results
in conjunction with Ann Mycroft’s statement on machine error suggest that powder sampling error
is the likely source of the dissimilarities between the CP and LLNL powder groups as well as the
alternating pattern within the LLNL group. For this reason, it is recommended that the powder
sampling techniques at LLNL for the ConceptLaser MLab machine be reviewed. If it is found that the
current practices are unable to produce consistent and representative powder samples, various
resources, such as ASTM B215, should be used as guidelines for improvement.

Oversized Powder Analysis

It is possible that the oversized particles removed during the sieving operation between runs
contain useful information about the build operation from which they are sourced. For example,
one could keep track of how much valid material is removed and attempt to reduce the inefficiency
of the process. Additionally, if it is true that certain types of oversized material (such as the super
particles observed in our study) are the result of poor process parameters, the presence of such
material could serve as an additional indicator of an improperly set machine. Both of these
examples could be analyzed rapidly with certain particle size distribution machines. At the very
least, it could be useful to store this data for future reference.

Copper Composition Changes Induced by Wire EDM

As an observation, the wire EDM process appears to increase the copper content of the parts it
removes from the build plate in locations not necessarily near the plane of cutting. This should be
monitored for alloys with high sensitivity to copper fluctuations.

Compositional Trends

As changes to composition appeared to be the strongest amongst all of the powder properties
investigated, future work towards this problem statement should focus on the chemical nature of
the powders and parts across cycles. It may prove useful to investigate more cycles, part surfaces
and orientations, and oversized powder samples for compositional trends. With a larger data set,
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more conclusive mechanisms may be developed and refined. It is recommended that more
instrumentation be utilized to cross-verify and provide additional perspective.

Quantifiable Surface Morphology Measurements

Ideally, the topography of the surfaces should be quantified and compared. However, the
discrepancy in the scale between the features of interest (cracks vs layer lines) and the heavy
interference caused by the adhered particles may cause difficulties in many analytical techniques. A
quick study of current research on this topic may point towards instruments suitable for this task.

Surface Morphology Changes and Tensile Properties

Although there were identifiable changes in the surface morphology of the KlinoCubes across
cycles, there was insufficient evidence to conclude that the tensile properties were changing with it.
It may be the case that the observed surface morphology features do not have enough of an effect
on the part to manifest as a reduction in tensile strength. However, most of the changes observed
are predicted to affect parts more if they are pulled in the Z-axis (perpendicular to the printing
plane). For this reason, if this study is to be continued, it is recommended to have some tensile bars
with their length oriented in the Z-axis.
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APPENDIX A:
STANDARD OPERATING PROCEDURES

STANDARD OPERATING PROCEDURE DOCUMENT

ARCHIMEDES’ DENSITY INSTRUMENT
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 18a

VERSION - 1.0
LATEST REVISION – 2/8/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the Archimedes’
Density Instrument for use by ADDER and their ME senior project. The contents of this
SOP conform to a modified version of ASTM Standard B311-13, Standard Test Method for
Density of Powder Metallurgy Materials Containing Less Than Two Percent Porosity.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

Safety glasses

-

Close toe shoes

-

Long pants

-

Gloves

Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.
Special care shall be taken with all glass equipment – Graduated Cylinders and
Thermometers – particularly mercury thermometers. Follow all lab safety procedures for
uncontained mercury and avoid contact at all costs.

MATERIALS
1.
2.
3.
4.
5.

25 mL graduated cylinder with graduations at each 0.25 mL
Scale with minimum resolution of 0.1 gram
Room temperature distilled water
Thermometer
Part sample (used KlinoCube after extractions removed)

STANDARD OPERATING PROCEURE
PROCEDURE
1. Mass Calibration:
a. Use a sample with a known mass.
b. Place the sample on the scale and record the mass.
c. Verify that the recorded mass matches the known value.
d. If not, tare the scale to ensure that the measured value coincides with the
known value.
2. Volume Calibration:
a. Use a sample with a known volume.
b. Fill the graduated cylinder half way with water.
c. Record the starting volume of the water.
d. Place the sample in the water.
e. Record the ending volume.
f. Verify that the difference in volume from end to start matches the known
value of the volume of the sample.
g. If values do not match, use a new graduated cylinder.
3. Prepare samples by removing all dirt, grease, oil, or dust from all visible surfaces.
It is important to note that rough surfaces are more likely to hold air bubbles
underwater which can skew the density. If bubbles become an issue, surface
treatment is recommended by sanding down to about 100-grit.
4. Measure and record the mass of the empty graduated cylinder.
5. Fill the graduated cylinder with water until about half full. The volume of the
used KlinoCube is approximately 4.15 mL, so the maximum level of the water can
be no more than 20 mL.
6. Place the graduated cylinder with water on the scale.
7. Record the temperature of the water.
8. Record the mass displayed by the scale and the volume shown by the cylinder.
9. Carefully add the sample to the water avoiding splashing any water out of the
cylinder.
10. Allow the sample to settle and ensure no air is trapped in/on the part.
11. Again, record the mass displayed by the scale and the volume shown by the
cylinder.
12. Remove the sample from the water and place on a paper towel to dry. Allow at
least 24 hours for parts to dry completely.
13. Repeat with all samples, making sure that the temperature does not change
significantly from sample to sample (ΔT ≤ 2°C). Include mass re-calibration step
every 5 samples to ensure the scale continues to read correctly.
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DATA RECORDING
All data shall be recorded in the provided data template table entitled “[NAME OF
FILE]”. The following information shall be recorded once at the start of testing:
-

Date and Time

-

Cycle #s and Sample #s

-

Temperature and Humidity

-

Operator

The following information shall be recorded for every sample:
-

Cycle #/Sample #

-

Material

-

Temperature of Water (T)

-

Mass of Cylinder (M1)

-

Mass of Cylinder and Water (M2)

-

Starting Volume of Water (V1)

-

Mass of Cylinder and Water + Sample (M3)

-

Ending Volume of Water + Sample (V2)

DATA ANALYSIS
Recorded data shall be analyzed according to the following to determine density:
First, check the density of the water against known standards for the measured
temperature.
𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑤𝑎𝑡𝑒𝑟 =

(𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑎𝑛𝑑 𝑊𝑎𝑡𝑒𝑟 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟)
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟

Units should be in g/mL (note: this is the same unit as g/cm3 since 1 mL = cm3).
Next, find the mass and volume of the sample by subtracting the values measured
without the sample from the ones measured with the sample.
𝑀𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑀𝑎𝑠𝑠𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟+𝑤𝑎𝑡𝑒𝑟+𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑀𝑎𝑠𝑠𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟+𝑤𝑎𝑡𝑒𝑟
(𝑀𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑀3 − 𝑀2)
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𝑉𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑡𝑒𝑟+𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑡𝑒𝑟
(𝑉𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉2 − 𝑉1)
Density is just mass divided by volume:
𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑠𝑎𝑚𝑝𝑙𝑒 =

𝑀𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒
𝑉𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒

(𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑠𝑎𝑚𝑝𝑙𝑒 =

𝑀3 − 𝑀2
)
𝑉2 − 𝑉1
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CT SCAN ANALYSIS
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 192 ROOM 132

VERSION - 1.0
LATEST REVISION – 06/02/2015

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the CT Scan
Analysis for use by ADDER and their ME senior project.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

No Safety Equipment Required

Food and drink are prohibited inside the lab.

PROCEDURE
1. Open the MATLAB VideostoImages.m file as well as the CT Scan video file.
2. Make sure the proper video file is referenced in the MATLAB script.
3. Run the MATLAB script.
4. Refer to the Porosity vs. Frame figure produced (Figure 2).
5. If the ends are noisy alter the dimensions on ‘k’ for compilation of the D matrix to
cut out this portion of the data.
6. Use the plot of the D matrix and LLNL visualization to calibrate black/white
threshold.
7. Ensure that the ‘clean’ portion of pores is used for Approximate Porosity
calculation.

STANDARD OPERATING PROCEURE
DATA RECORDING
All data shall be recorded in the provided data template table entitled “[NAME OF
FILE]”. The following information shall be recorded once at the start of testing:
-

Date and Time

-

Cycle # and Sample #

The following information shall be recorded for every sample:
-

Approximate Internal Porosity

DATA ANALYSIS
*See MATLAB Script*
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CUSTOM RHEOLOGY INSTRUMENT
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 41

VERSION - 1.0
LATEST REVISION – 2/15/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the Custom
Rheology Instrument for use by ADDER and their ME senior project. The contents of this
SOP do not reference any ASTM or other standards.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

Sealed safety glasses

-

Close toe shoes

-

Long pants

-

Gloves

-

Lab coats

-

Breathing masks

Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.
Special care shall be taken with all glass equipment. Follow lab procedures for proper
glass clean-up. Airborne metal powders pose a risk to health. Contact with skin or eyes
may cause irritation.

Flush eyes thoroughly with water if irritation occurs – seek

immediate medical attention should irritation continue. Use soap and water to wash
skin after contact. Do not inhale or consume powders. Breathing masks are to be worn
at all times when powders are exposed to the air. Seek immediate medical attention
for ingestion of powders.
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MATERIALS
1.
2.
3.
4.
5.

Ambient thermometer
Ambient hygrometer
Powder scoop
12V DC power supply
Powder sample (approx. 0.1 in3)

PROCEDURE
1. Apply personal protective gear including: sealed eye protection, breathing mask,
gloves, and any other protection deemed necessary for the particular powder
being tested.
2. Attach one of the clamps on the vertical rod. Place the plastic bushing in the
clamp. Verify that the bushing is completely vertical and secured in the clamp.
3. Place the platform and collection dish directly below the bushing. Slide the glass
tube into the bushing until it rests on the platform.
4. Again, verify that the glass tube and bushing are perfectly vertical and that the
tube and platform are concentric.
5. Connect the linear actuator to the 12V DC power supply and extend the stroke.
6. Using the two fixed position clamps, carefully attach the linear actuator to the
vertical rod with the actuator in the fully extended position. The end of the stroke
should fit into the plastic coupling at the top of the glass tube. Insert the pin into
the coupling hole to verify the final location of the actuator then remove the pin.
7. Verify the linear actuator is properly secured in the clamps.
8. Retract the stroke.
9. Measure and record ambient temperature and humidity levels.
10. Using the scoop, slowly empty the powder sample into the top of tube, making
sure that none of the powder escapes the bottom of the tube. Maintain a tight
seal between the tube and the platform.
11. Let the powder settle for approximately 30 seconds before continuing.
12. Using the controls for the linear actuator, extend the stroke into the glass tube
coupling. The actuator should not be pressing down on the tube to the point
where it breaks but it should be keeping some pressure on the top of the tube in
order to maintain a seal at the platform.
13. Slide the coupling pin into the hole on the side of the coupling and secure with
the winged nut.
14. Next, retract the linear actuator with the tube attached in order to lift the tube.
Leave the actuator in the retracted position.
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15. Carefully use a camera to take a picture of the resulting powder cone. Be
aware not to disturb the powder by bumping the platform or stirring up air. Also
make sure that in the image, the top surface of the platform appears perfectly
horizontal.
16. Take 3 images of each sample, each image approximately 20° from each other.
17. Remove the platform and collection dish and remove all powder.
18. Repeat steps 7-16 for each sample.
*Properly clean all equipment between samples.

DATA RECORDING
All data shall be recorded in the provided data template table entitled “[NAME OF
FILE]”. The following information shall be recorded once at the start of testing:
-

Date and Time

-

Cycle #s and Sample #s

-

Temperature and Humidity

-

Operator

The following information shall be recorded for every sample:
-

Cycle #/Sample #

-

Material

-

3 images titled according to the following:
o

[material (SS or M). cycle number. Image location (left, center, or right)]


SS stands for Stainless Steel, M for Molybdenum

DATA ANALYSIS
Recorded data shall be analyzed according to the following to determine angle of
repose:
Data outputs of the device will include 3 images from each sample. Each image will
be processed separately by an image processing software. For this experiment, ImageJ
will be used to determine the angle of repose.
1. Open ImageJ software
2. Open the desired image in the program
3. Select the ‘Angle’ tool from the ImageJ toolbar
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4. Click on a point on one side of the pile along the horizontal (at the base of the
cone)
5. Click again on the point on the other side of the pile where the angle meets the
base of the cone. A line should be drawn between the two points, ideally this
line is perfectly horizontal.
6. Move the mouse over to the top of the cone at the top point. A line should be
connected from point in step 5 to the cursor location. Ensure the cursor (or line)
is located/passes through exactly at the top point of the pile. The line does not
have to be contained within the pile or stay out of the outline of the pile, as long
as the two points for the line are at the bottom corner and top corner. DO NOT
CLICK AT THIS POINT.
7. Record the angle given by ImageJ. In the ImageJ toolbar, several values are
shown including x and y locations as well as angle.
8. Average all 6 angles measured for each sample.
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METALLOGRAPHIC PREPARATION PROCEDURES
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 192 ROOM 2XX

VERSION - 1.0
LATEST REVISION - 02/13/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques for metallographic
preparation procedures for use by ADDER and their ME senior project. The contents of
this SOP conform to the requirements outlined in ASTM E3.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during all stages of specimen preparation:
-

Safety glasses

-

Close toe shoes

-

Long pants

Additionally, the following personal protection equipment shall also be worn during the
chemical etching procedures:
-

Splash-proof gloves in place of safety glasses

-

Acid apron

-

Nitrile gloves

Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.

STANDARD OPERATING PROCEURE
MATERIALS AND EQUIPMENT
The following materials and equipment are supplied by the MATE department:
-

Bakelite powder

-

240, 360, 440, 600 grit sandpaper

-

Polishing wheel pads

-

4 micron, 1.5 micron, 0.5 micron polishing solutions

-

Forneng’s solution

-

Cotton Swabs

-

Paper Towels

-

Metallographic Abrasive Saw

-

Sanding Tray

-

Polishing Wheel

-

Fume Hood

The following materials and equipment shall be supplied by ADDER:
-

KlinoCube

-

Murakami’s/Kalling’s No. 2 Etch

STANDARD OPERATING PROCEURE
PROCEDURE
Refer to “Receiving Inspection” SOP before continuing with these procedures.

Extrusion Sectioning
1. Select and set-up the metallographic abrasive saw with the appropriate blade:
a. Molybdenum – Soft phenolic/rubber bond blade with SiC abrasive
b. Nitronic 40 – Hard phenolic/rubber bond blade with Al2O3 abrasive
2. Place the KlinoCube inside the metallographic abrasive saw. The saw should be
aligned to slice off an extrusion as close as possible to the cube-body.
3. Section the extrusion with the abrasive saw.
4. Rinse the extrusion with tap water and dry with a paper towel.

Mounting
1. Follow the procedures outlined by the MATE Mounting Press handout. No special
steps are necessary for these specimens.
2. The final product should be a beveled cylindrical Bakelite mount with the
extrusion’s sectioned-face exposed at the circular end.
3. Each specimen shall be labeled as follows:
a. #L
i. # = Number (Ordinal), denoting cycle number
ii. L = Letter, corresponding to the cross-sectional shape of the
extrusion
1. S– Square cross-section
2. T – Triangle cross-section
3. C – Half-circle cross-section

Sanding
1. Using two hands, push and slide the sample from the bottom of the 240 grit
sandpaper in the sanding tray to the top.
2. Without rotating, pick up the specimen and place it back on the nearest section
of the 240 grit sand paper.
3. Repeat 1-2 until the sample is scratched with uniformly thick lines.
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4. Rinse off the specimen.
5. Move up to the next highest grit level and repeat steps 1-4. Rotate the specimen
90 degrees before repeating these steps.

Polishing
1. Rinse the sanded specimen thoroughly.
2. Use the switch on the back of the 4-micron sanding wheel to turn it on.
3. Set the RPM to 120.
4. Using one hand, lightly press the specimen against the sanding wheel and rotate
it counter-clockwise.
5. Continue to press and rotate for up to one minute.
6. Rinse and wash the specimen with the provided soap solution.
WARNING: FAILURE TO RINSE THE SPECIMEN BETWEEN MICRON LEVELS WILL RESULT
IN CONTAMINATION OF THE POLISHING WHEEL.
7. Move up to the next lowest micron level and repeat steps 1-6.

Kalling’s No. 2 Etch Procedures (Nitronic 40)
Note: These procedures are only for Kalling’s No. 2 etchants that have been purchased
in the final mixed form from the supplier. Do not use these procedures if you are
attempting to create the etchant from its base components.
1. Remove all sources of sparks and ignition from the immediate vicinity.
2. Pour <30mL of the etchant into a small secondary container made of HDPE.
3. Place the polished and clean Nitronic 40 specimen to be examined on the fume
hood counter on top of a paper towel.
4. Swab the etchant onto the specimen with a cotton swab for up to 5 minutes. Dip
the swab into the secondary container etchant as necessary to rewet it.
5. When the specimen exhibits a significantly different appearance, pick it up with
a gloved hand and quickly rinse it under the fume hood water faucet and sink.
Minimize splashing.
6. Let the specimen air dry in the fume hood.
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7. Dispose of all solid waste (cotton swabs, paper towels) in the appropriate waste
containers.
8. Dispose of any unused solution immediately after use in a properly labelled
secondary waste container.
a. Additional reagent generated at a later point in time may be added to
the existing reagent secondary waste container. Do not dispose of any
other chemicals to this container.
b. Store the secondary waste container in a cool, dry place appropriate for
flammable liquids.

Murakami’s Etch Procedures (Molybdenum or Nitronic 40)
Follow all instructions listed in this SOP (PPE, engineering controls, etc) during all steps of
this procedure.
1. Remove all acids from the immediate vicinity.
2. Dispense 100mL of H2O into a HDPE container of at least 200mL in volume.
3. Weigh out 30g of NaOH pellets in a HDPE tray on a mass balance.
4. Pellet by pellet, dissolve 30g NaOH into the H2O. If necessary, use an appropriate
stirrer (ex: borosilicate glass) to encourage dissolution. (Caution: generates heat)
5. Slowly add 30g K3Fe(CN)6 into the NaOH-water solution. Stir until completely
dissolved.
6. Place the polished and clean Nitronic 40/Molybdenum specimen to be
examined on the fume hood counter on top of a paper towel.
7. Swab the solution onto the specimen with a cotton swab for up to 5 minutes. Dip
the swab into the solution as necessary to rewet it.
a. The sodium hydroxide will mercerize the cotton with a slightly exothermic
reaction. This process is not dangerous and will result in a change of
appearance in the cotton.
8. When the specimen exhibits a significantly different appearance, pick it up with
a gloved hand and quickly rinse it under the fume hood water faucet and sink.
Minimize splashing.
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9. Let the specimen air dry in the fume hood.
10. Dispose of all solid waste (cotton swabs, paper towels) in the appropriate waste
containers.

11. Dispose of any unused solution immediately after use in a properly labelled
secondary waste container.

a. Additional reagent generated at a later point in time may be added to
the existing Murakami reagent secondary waste container. Do not
dispose of any other chemicals in this container.
b. Store the secondary waste container away from any acids.

Image Acquisition
1. The operation of each microscope in the metallographic room is different.
Please refer to the provided microscope SOP for instructions.

DATA RECORDING
All data recorded from this SOP is in the form of .png files. All images shall be labelled as
“##_L_DATE_XX.png” where:
-

## – Cycle Number (Ordinal, 01, 02, 03…)

-

L – Extrusion Letter (same as specimen)

-

DATE – date (MM-DD-YYYY format)

-

XX – Sub-number, when multiple images exist of one extrusion (01, 02, 03…)
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PARTICLE MORPHOLOGY ANALYSIS WITH THE
SCANNING ELECTRON MICROSCOPE
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 41 ROOM [

VERSION – 1.1
LATEST REVISION – 04/15/2016
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PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques for particle
morphology analysis with the scanning electron microscope (SEM) for use by ADDER
and their ME senior project.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn when inside the SEM room:
-

Close toe shoes

-

Long pants

When handling powder, the following personal protection equipment shall be worn:
-

Impermeable gloves (any material)

-

Face mask

Food and drink are prohibited inside the lab. Work may be conducted with one person
in the lab.
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MATERIALS AND EQUIPMENT
The following materials and equipment are supplied by the MATE department:
-

Safety Gloves

-

Aluminum Stages

-

Graphite Pads

-

Tweezers

-

SEM

-

Air Gun

The following materials and equipment shall be supplied by ADDER:
-

Powder Samples

-

USB Flash Drive
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PROCEDURE
Refer to “Receiving Inspection” SOP before continuing with these procedures. USER
MUST READ SEM OPERATION MANUAL BEEFORE CARRYING OUT ANY PROCEDURES
FOUND IN THIS DOCUMENT. INSTRUCTIONS WITHIN THIS DOCUMENT ASSUME THE USER IS
PROFICIENT IN SEM OPERATION.

Specimen Preparation
1. Ensure powder is evenly distributed inside its storage container.
2. Attach a graphite sticky pad to a clean aluminum stage.
3. Open the container and dip the sticky end of the aluminum stage into the
powder.
4. Pull the stage out and close the container.
5. Using the air gun, dust off excess powder from the stage. The dusting shall be in
the direction away from all individuals and sensitive machinery in the room.

SEM Operation
1. Proceed to image the powder sample following the MATE SOP.
2.

The final images shall be 258x in magnification (200.0um scale bar).

DATA RECORDING
The following information shall be recorded once at the start of each cycle test:
-

Date and Time

-

Cycle # and Sample #

-

Temperature and Humidity (from SEM monitor)

All data recorded from this SOP is in the form of .png files. All images shall be labelled as
“PM_##_DATE_XX-YY.png” where:
-

## – Cycle Number (Ordinal, 01, 02, 03…)

-

DATE – date (MM-DD-YYYY format)

-

XX – Sample number, ordinal ascending for multiple powder samples per cycle
(01,02,03…)

-

XX – Sub-number, when multiple images exist of one sample (01, 02, 03…)
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RESIDUAL THERMAL STRESS BRIDGE
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 04 ROOM 100

VERSION - 1.0
LATEST REVISION – 06/02/2016
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PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the Residual
Thermal Stress Bridge for use by ADDER and their ME senior project.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

Safety glasses

-

Close toe shoes

-

Long pants

Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.

PROCEDURE
1. Remove the Residual Bridge from its packaging and ensure that it has not been
damaged in transit.
2. Clamp the build plate in a vice and section one leg using a hacksaw.
3. Place the build plate on the carriage of the Starrett HB400 Horizontal Benchtop
Optical Comparator.
4. Using the ‘Angle’ feature, create a line that traces the deflected portion of the
bridge, and one that is parallel to the base.
5. Use the generated angle and Table 1 to determine the equivalent stress acting
on the part.
6. Repeat steps 2-5 for each bridge.
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DATA RECORDING
All data shall be recorded in the provided data template table entitled “[NAME OF
FILE]”. The following information shall be recorded once at the start of testing:
-

Date and Time

-

Cycle # and Sample #

-

Temperature and Humidity

The following information shall be recorded for every sample:
-

Angle of deflected leg relative the base.

DATA ANALYSIS
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SERIES B2000 WILSON ROCKWELL TESTER
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 41 ROOM 215

VERSION - 1.0
LATEST REVISION - 02/15/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the Series B2000
Rockwell Hardness Tester for use by ADDER and their ME senior project. The contents of
this SOP conform to the requirements outlined in ASTM E18 – Standard Test Methods for
Rockwell Hardness of Metallic Materials.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

Safety glasses

-

Close toe shoes

-

Long pants

Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.
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PROCEDURE
1. Power on the Series B2000 Wilson Rockewell Tester.
2. Set Scale to HRB and press OK.
3. Load the indenter and anvil based on the scale used.
4.

Load the tensile bar onto the anvil.
NOTE: The location of hardness sampling shall be the grip section of tensile
bar which shall be supported rigidly.

5. Lower the indenter for test.
a. The indenter should not touch the surface.
6. Run the test.
7. Properly space each test.
NOTE: The distance between the centers of two adjacent indentations shall
be at least three times the diameter of the indentation.
8. The distance from the center of any indentation to an edge of the test piece
shall be at least two and a half times the diameter of the indentation.
9. Use the statistics function to record the final Hardness value.
10. After the testing is complete:
a. Retract the indenter using the up arrow in front of the machine.
b. Remove the indenter from the machine.
c. Turn off the machine.
d. Replace the clear cover.
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DATA RECORDING
All

data

shall

be

recorded

in the

provided data

template

table

entitled

“PART_HARDNESS.XLS”. The following information shall be recorded once at the start of
testing:
-

Date

-

Time

-

Cycle #

-

Sample #

The following information shall be recorded for every sample:
-

Six (6) hardness readings

-

Scale being used

-

Data outputted from Statistics function
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SURFACE MORPHOLOGY ANALYSIS WITH THE
SCANNING ELECTRON MICROSCOPE
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 41 ROOM 2xx

VERSION – 1.0
LATEST REVISION – 02/15/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques for surface
morphology analysis with the scanning electron microscope (SEM) for use by ADDER
and their ME senior project.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn when inside the SEM room:
-

Close toe shoes

-

Long pants

When handling parts, the following personal protection equipment shall be worn:
-

Impermeable gloves (any material)

Food and drink are prohibited inside the lab. Work may be conducted with one person
in the lab.
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MATERIALS AND EQUIPMENT
The following materials and equipment are supplied by the MATE department:
-

Safety Gloves

-

Aluminum Stages

-

Graphite Pads

-

Tweezers

-

SEM

-

Air Gun

The following materials and equipment shall be supplied by ADDER:
-

Part Samples

-

USB Flash Drive
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PROCEDURE
Refer to “Receiving Inspection” SOP before continuing with these procedures. USER
MUST READ SEM OPERATION MANUAL BEEFORE CARRYING OUT ANY PROCEDURES
FOUND IN THIS DOCUMENT. INSTRUCTIONS WITHIN THIS DOCUMENT ASSUME THE USER IS
PROFICIENT IN SEM OPERATION.

Surface Selection
1. Using any random number generator, select a surface to analyze. Refer to the
appendix of this document for surface numbers.

Specimen Preparation
1. Attach a graphite sticky pad to a clean aluminum stage.
2. Attach the sample to the graphite sticky pad with the surface of interest facing
up.
3. Use the air gun to dust off the specimen before placing it in the SEM chamber.

SEM Operation
1. Proceed to image the powder sample following the MATE SOP.
2.

The final images shall be 258x in magnification (200.0um scale bar).

DATA RECORDING
The following information shall be recorded once at the start of each cycle test:
-

Date and Time

-

Cycle # and Sample #

-

Temperature and Humidity (from SEM monitor)

All data recorded from this SOP is in the form of .png files. All images shall be labelled as
“SM_##_DATE_XX-YY.png” where:
-

## – Cycle Number (Ordinal, 01, 02, 03…)

-

DATE – date (MM-DD-YYYY format)

-

XX – Surface number (01,02,03…)

-

XX – Sub-number, when multiple images exist of one surface (01, 02, 03…)
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MODIFIED TAPPED DENSITY INSTRUMENT
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 13 ROOM 101

VERSION - 2.0
LATEST REVISION – 06/02/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the Tapped
Density Instrument for use by ADDER and their ME senior project. The contents of this
SOP conform to a modified version of ASTM Standard B0527-15, Standard Test Method
for Tap Density of Metal Powders and Compounds.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

Sealed safety glasses

-

Close toe shoes

-

Long pants

-

Gloves

-

Protective lab coats

-

Breathing masks

Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.
Special care shall be taken with all glass equipment – Graduated Cylinders and
Thermometers – particularly mercury thermometers. Follow all lab safety procedures for
uncontained mercury and avoid contact at all costs. Follow lab procedures for proper
glass clean-up.
Airborne metal powders pose a risk to health. Contact with skin or eyes may cause
irritation. Flush eyes thoroughly with water if irritation occurs – seek immediate medical
attention should irritation continue. Use soap and water to wash skin after contact. Do
not inhale or consume powders. Breathing masks are to be worn at all times when

STANDARD OPERATING PROCEURE
powders are exposed to the air. Seek immediate medical attention for ingestion of
powders.

MATERIALS
1. 25 mL graduated cylinder with graduations at each 0.25 mL
2. Scale with minimum resolution of 0.1 gram
3. Ambient thermometer
4. Ambient Hygrometer
5. Tapping apparatus
a. Shake Table
b. Function Generator
c. Adapter Unit
6. Powder sample (approximately 0.25 in3)

PROCEDURE
1. Plug in the power amplifier and fan for the shake table.
2. Connect the function generator to the shake table.
3. Create a saw-tooth function that creates a drop of 3 mm.
4. Bolt in the adapter unit.
5. Volume Calibration:
a. Use a sample with a known volume.
b. Fill the graduated cylinder half way with water.
c. Record the starting volume of the water.
d. Place the sample in the water.
e. Record the ending volume.
f.

Verify that the difference in volume from end to start matches the known
value of the volume of the sample.

g. If values do not match, use a new graduated cylinder.
6. Record the ambient conditions (temperature and humidity).
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7. Clean the inside of the graduated cylinder with a brush or chemical solvent like
acetone. Ensure the cylinder is completely dry before testing.
8. Measure and record the mass of the empty graduated cylinder.
9. Fill the graduated cylinder with the entire test sample.
10. Measure and record the mass of the cylinder with sample.
11. Record the volume of the powder as ‘Bulk Volume.’
12. Fasten the graduated cylinder to the adapter unit.
13. Run the function generator at 2 Hz for 90 seconds.
14. Measure the volume as ‘Tapped Volume.’
15. If the tapped surface is level, record the volume directly. Else use a mean value
between the highest and lowest levels on the cylinder.
16. Remove the graduated cylinder from the adapter unit.
17. Repeat steps 7-16 for all samples.

DATA RECORDING
All data shall be recorded in the provided data template table entitled “[NAME OF
FILE]”. The following information shall be recorded once at the start of testing:
-

Date and Time

-

Cycle #s and Sample #s

-

Temperature and Humidity

-

Operator

The following information shall be recorded for every sample:
-

Cycle #/Sample #

-

Material

-

Mass of Cylinder (M1)

-

Mass of Cylinder and Sample (M2)

-

Bulk Volume of Sample (VBulk)

-

Tapped Volume of Sample (VTapped)
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DATA ANALYSIS
Recorded data shall be analyzed according to the following to determine tapped
density:

𝑇𝑎𝑝𝑝𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑜𝑤𝑑𝑒𝑟
𝑇𝑎𝑝𝑝𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑜𝑤𝑑𝑒𝑟

Where:
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑜𝑤𝑑𝑒𝑟 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑎𝑛𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
𝑇𝐷 =
Repeat with Bulk Volume of Powder (VBulk).

𝑀2 − 𝑀1
𝑉𝑡𝑎𝑝𝑝𝑒𝑑
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INSTRON TENSILE TEST
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STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the Instron Tensile
Test for use by ADDER and their ME senior project. The contents of this SOP conform to
the requirements outlined in ASTM E8 – STANDARD TEST METHODS FOR TENSION TESTING
OF METALLIC MATERIALS.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. The following
personal protection equipment shall be worn during the operation of the machine:
-

Safety glasses

-

Close toe shoes

-

Long pants

Additionally, a fracture shield will be used when testing to failure in case of a violent
fracture.
Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.
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PROCEDURE
Specimen Preparation
1. Check that the reduced area is free of cold work, notches, chatter marks,
grooves, gouges, burrs, rough surfaces, overheating, etc.
2. Draw gauge marks with ink, as per ASTM E8.
3. Measure and record gauge length and cross sectional area

Instron Set-up
Safety Note: One person should load the specimens and operate the tests. This will
preclude starting a test while hands are in the test area.
1. Make sure that the water line to the hydraulic pump is open. It should be cracked
open already.
NOTE: ASTM E8 states test machine should be warmed up to normal operating
temperatures prior to testing.
2. Connect the extensometer to the controller at the Strain 1 port.
NOTE: Extensometer gauge length shall not exceed 80% of distance between
grips and should be the nominal gage length of the specimen, as per ASTM E8.
Class B2 or better extensometer shall be used. Class C may be used for largestrain data (5-50%)
3. Turn on the Instron Controller. (May have to “unlatch” the oil light safety)
4. Using the OUTPUTS button on the front panel make sure the following:
Load is going out channel A.
Position is going out B.
Strain1 is going out X.
Then select each (load, position, and extensometer) and note the data/voltage
relationship, e.g. load channel may output 2.0kips/volt.
The DAS must have
corresponding relationships to convert the voltage into appropriate units. Make sure
each channel is in the track mode as well. Make sure extensometer gage length set-up
corresponds to the current configuration.
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5. Calibrate the load cell. The set-up light is flashing. Press this then CAL, CAL, AUTO,
GO. The cell is calibrated when the light stops flashing.
6. Turn on the hydraulic pump. (Note sometimes the circuit breaker may need to be
reset. It is near the Autoclave. Get a technician or Instructor to help in this case.)
7. Install on the grips the specimen alignment blocks. These control the alignment off
the specimen.
NOTE: Refer to Figure 2. (pg 5) In ASTM E8 for wedge grips and flat specimens.
NOTE: A triangle may be used to ensure the load is applied axially.
8. Install the specimen by clamping it in the upper grips only by holding it against the
alignment tooling. Keep away from the hydraulic jaws during this procedure.
9. Install the extensometer via elastic bands or o-rings. Remove the safety pin and
calibrate the extensometer in the same fashion as the load cell.

LabView DAS Setup
10. Double-Click the Labview VI file 2g-ext.vi. This file acquires load, extensometer, and
longitudinal and transverse strain gages.
11. Check that the voltage relationships correspond with the Instron outputs.
12. Manually balance the strain bridges if input voltages are excessive.
13. Set the strain gage factors and shunt calibrate the gage circuits. You must run the
vi by clicking the start arrow to perform this operation. Verify that the extensometer and
load values correspond with Instron front panel displays. You may need to press display
buttons on front panel to view strain rather than displacement.
14. Note the ASCII data file name and folder or location. This file should be saved after
each test

Running the Test
15. Press WAVEFORM corresponding to position control on the Instron front panel.
Lower display entries should be: “ramps”, “S RAMP”, .5in, .0025in/sec (i.e. the actuator
will move down 0.5 in at a rate of 0.0025 in/sec; this waveform works well for composite
tests but may be modified as desired.
NOTE: In regards to Crosshead Speed
o

Mello recommends: 0.0025 in/sec
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o

E8

via

straining

recommends:

0.015±0.006

in/in/min

(0.00025±0.0001in/in/sec)
o

E8 via stressing: 10,000 – 100,000 pis/min (166.67 – 1666.67 psi/sec)

o

Closest Speed available is 0.001 in/sec

16. Close the Lower grip. Note the jaw action may result in load on the specimen at
this point. The operator can manually, carefully fine adjust the crosshead manually to
remove jaw induced tensile or compressive loads.
NOTE: As per ASTM E8, any preload must be removed prior to testing, such that
zero force indication represents zero load on the specimen.
17. Start the data acquisition process by clicking the start arrow on the labview VI.
18. Press START on the Instron controller to start the test, the lower grip will move down.
19. It is necessary to remove the extensometer prior to specimen failure to avoid
possible damage to the extensometer: Press HOLD on the controller at an appropriate
strain level (tentatively 15%) to stop the actuator; cut the lower rubber band on the
extensometer, reinstall the pin to fix the lower knife edge, and then cut the upper
rubber band on the extensometer.
20. Install the fracture shield.
21. Press START to resume the test waveform.
21. After failure of the specimen press HOLD.
22. The lower portion of the fractured specimen may be removed by opening the
lower grip.
23. End the test by pressing RESET which will move the actuator to its position at the start
of the test.
23. Remove the upper portion of the specimen from the upper grip.

System Shut Down
24. The system may be shut down as follows: A) turn off actuator by pressing LOW, then
OFF, B) turn off hydraulics, C) turn off controller, D) Exit VI and shutdown the DAS
computer.
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DATA RECORDING
All data shall be recorded in the provided data template table entitled “[NAME OF
FILE]”. The following information shall be recorded once at the start of testing:
-

Date and Time

-

Cycle # and Sample #

-

Temperature and Humidity

The following information shall be recorded for every sample:
-

Tensile strength (UTS)
o

-

NOTE: Round to the nearest 100 psi (7.13.2)

Elongation (Original gage length, percentage increase, and method to
determine [at or after fracture])
o

For Elongation greater than 3%, measure gauge mark distance to nearest
0.01 in

-

Speed and method used to determine speed

-

Method used for rounding

-

Modulus of Elasticity

DATA ANALYSIS
For Lower Yield Strength (LYS)
𝐿𝑌𝑆 =

𝐿𝑌𝐹
𝐴 𝑐−𝑠 𝑚𝑖𝑛
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙

Tensile Strength
𝑈𝑇𝑆 =

𝐹𝑚𝑎𝑥
𝐴 𝑐−𝑠 𝑚𝑖𝑛
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
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Percent Elongation
𝐿 𝑔𝑎𝑔𝑒 − 𝐿 𝑔𝑎𝑔𝑒
𝜀=

𝑓𝑖𝑛𝑎𝑙

𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝐿 𝑔𝑎𝑔𝑒

× 100%

𝑖𝑛𝑖𝑡𝑖𝑎𝑙

Reduction of Area
𝐴𝑐−𝑠 𝑚𝑖𝑛 − 𝐴𝑐−𝑠 𝑚𝑖𝑛
𝑅𝑂𝐴 =

𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑓𝑖𝑛𝑎𝑙

𝐴𝑐−𝑠 𝑚𝑖𝑛
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

Modulus of Elasticity
𝐸=

𝜎
𝜀
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X-Ray Fluorescence Gun
FOR USE AT:
CALIFORNIA POLYTECHNIC STATE UNIVERSITY
BLDG 41 ROOM 227

VERSION - 1.0
LATEST REVISION – 02/08/2016

STANDARD OPERATING PROCEURE
PURPOSE
This standard operating procedure (SOP) document outlines the safety considerations,
step-by-step procedures, and relevant data acquisition techniques of the [MODEL] XRF
gun for use by ADDER and their ME senior project. The contents of this SOP conform to
the requirements outlined in ASTM E1621 – Standard Guide for Elemental Analysis by
Wavelength Dispersive X-Ray Fluorescence Spectrometry.

SAFETY HAZARDS AND CONSIDERATIONS
General Cal Poly lab safety requirements should be followed at all times. When
handling any powder, the following safety gear shall be worn at all times:
-

Safety glasses

-

Close toe shoes

-

Long pants

-

Face Mask

-

Nitrile Gloves

The XRF Gun emits dangerous ionizing radiation. Do not point the emitter at any person.
Make all nearby personnel aware of the instrument’s presence and operation. Read all
safety instructions outlined by the User Manual before operating the instrument.
Food and drink are prohibited inside the lab. All work shall be conducted with a
minimum of two people present at a time.

STANDARD OPERATING PROCEURE
MATERIALS AND EQUIPMENT
The following materials and equipment are supplied by the MATE department:
-

XRF Gun

-

Petri dishes

The following materials and equipment shall be supplied by ADDER:
-

Powder Samples

-

Powder Sampling Instrument

-

Part Samples

STANDARD OPERATING PROCEURE
PROCEDURE
OPERATOR MUST READ XRF SAFETY MANUAL BEFORE PERFORMING ANY WORK.

XRF Gun Setup (WIP)
1. Refer to Professor Trevor Harding for XRF Gun setup procedures.

Powder Sample Preparation
1. Ensure powder is evenly distributed in its container.
2. Use the powder sampling instrument to scoop out at least 0.5 in3 of powder.
3. Dispense the powder sample onto a thin plastic film.
4. Lay the plastic film on the X-ray aperture.
5. Follow the safety procedures for the x-ray enclosure.

Part Sample Preparation
1. Select the surface to be analyzed using any available random number
generator. Refer to the appendix of this document for surface numbers.
2. Use the XRF stand and enclosure to isolate the part surface from surrounding
interference.
XRF Analysis
1. When the ready screen is shown, pull and hold the trigger of the XRF gun. The
screen should change to a spectrum and table of compositions.
2. Hold the trigger for at least ten seconds.
3. Release the trigger and record the data output.

STANDARD OPERATING PROCEURE
DATA RECORDING
All

data

shall

be

recorded

in the

provided data

template

table

entitled

“ADDER_XRF_ANALYSIS.xlsx”. The following information shall be recorded once at the
start of each analysis cycle:
-

Date and Time

-

Cycle # and Sample #

-

Temperature and Humidity

The following information shall be recorded for every powder sample:
-

Sample Number (Ordinal)

-

Compositional percentages

The following information shall be recorded for every part sample:
-

Part surface number (1,2,3…)

-

Composition percentages

DATA ANALYSIS
Data analysis is not required for this SOP.

APPENDIX B

APPENDIX B

APPENDIX B

APPENDIX B

APPENDIX B

APPENDIX B

APPENDIX B

APPENDIX C
LAB EQUIPMENT AND SAFETY GEAR
VWR Handle for Lab Scoop
VWR Lab Scoop 6.5 in
VWR Powder-Free Nitrile Examination Gloves (pack of 100)
VWR Men's Lab Coat Reusable M
VWR Men's Lab Coat Reusable L
Uvex Stealth Googles, Honeywell Safety
25 mL Graduated Cylinder
10 mL Graduated Cylinder
Multipurpose Washable/Reusable Dust, Pollen and Germ Mask
PS Petri Dishes (pack of 20)
ETCHING MATERIALS
Kalling's No. 2 Etch (500 mL)
Potassium Ferricyanide (250 g)
HDPE Waste Disposal Bottles (Pack of 12, 950mL)
ANGLE OF REPOSE INSTRUMENT
Glass Tubing
VWR Support Stand w/ Rod
VWR Clamp 2-prong SING ADJ MED
VWR Clamp holdedr talon 18mm
VWR clamp 2-prong buret talon
Igus iGlide R Plastic Bushing Stock
Tubular High Speed Linear Actuator
Toggle Reversing Switch
Glue
Junior Tube Cutter
SPREADING INSTRUMENT
492-1182-ND
Spackle Knife

QUANTITY
2
2
1
1
2
1
1
1
3
1
QUANTITY
1
1
1
QUANTITY
1
1
2
2
2
1
1
1
1
1
QUANTITY
1
1

COST PER ITEM
$4.83
$2.37
$5.13
$16.62
$16.62
$15.11
$10.19
$8.08
$13.99
$22.12
COST PER ITEM
$88.03
$92.80
$33.98
COST PER ITEM
$37.21
$52.88
$22.44
$9.30
$21.02
$0.00
$170.14
$20.98
$8.49
$8.29
COST PER ITEM
$1.97
$1.00

RUNNING TOTAL
$9.66
$14.40
$19.53
$36.15
$69.39
$84.50
$94.69
$102.77
$144.74
$166.86
RUNNING TOTAL
$254.89
$347.69
$381.67
RUNNING TOTAL
$418.88
$471.76
$516.64
$535.24
$577.28
$577.28
$747.42
$768.40
$776.89
$785.18
RUNNING TOTAL
$787.15
$788.15

APPENDIX C
EQUIPMENT FEES

HOURS

COST PER HOUR

FEES TOTAL

MATE Department Scanning
Electron Microscope

17.71

$78.00

$1381.38

QUANTITY

COST PER ITEM

OTHER TOTAL

COMMENTS
Depreciation costs,
maintenance, etc. Refer to
Professor Trevor Harding. To be
reimbursed by LLNL grant fund
(Not ME department)
COMMENTS

894

$0.54

$482.76

Reimbursed

OTHER
Travel ($0.54/mile based on
ME recommendations)

APPENDIX D: LINEAR ACTUATOR DATA SHEET

D1

D2

D3

D4

D5

APPENDIX E

